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Abstract 
 
Interactions among microbial organisms often cannot be observed directly, but they can 
be inferred genetically using new molecular techniques.  The analysis of secondary 
metabolite gene expression produced by co-cultured marine microbial species allows us 
to see how these organisms interact with one another when kept in the same environment. 
Co-cultures of three different strains of marine bacteria, P. aeruginosa PAO1, 
Roseobacter denitrificans OCH114, and Salinispora arenicola CNS-205 were grown in a 
laboratory setting, and using the Real-Time qPCR method gene expression levels of two 
different secondary metabolite producing genes from each organism was accessed across 
three time points.  P. aeruginosa PAO1’s secondary metabolite genes RdhA and PhzH 
stayed repressed through all co-cultures and time points in this study, and Roseobacter 
denitrificans OCH-114’s secondary metabolite genes metallo-beta-lactamase and DMSP 
lyase were up-regulated after the 30 minute time point in the P. aeruginosa-R. 
denitrificans co-culture and at the 0 minute time point in the R. denitrificans-S. arenicola 
co-culture. 
 
 
 
 
 
Keywords:  qPCR, microbial ecology, marine bacteria, gene expression
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Introduction 
 
 Interactions among marine microbial species allow these microscopic organisms 
to occupy environmental niches that they otherwise could not; and though their individual 
behavioral interactions cannot be observed directly they can be inferred biochemically 
and genetically (Stolyar et al., 2007).  Applying genomics to marine biology allows us to 
expand our knowledge of “marine microbial evolution, metabolism, and ecology,” 
(DeLong and Karl, 2005) as well as gain a better understanding of the gene content, 
functional significance, and genetic variability in naturally occurring marine microbial 
communities (Frias-Lopez et al., 2008).   
 Co-culturing marine microbes and looking at their gene expression will allow us 
to see what genes are activated, deactivated, or repressed in each organism when kept in 
the same environment.  This will give us a better understanding of gene expression in 
these newly studied organisms.  Two secondary metabolite genes and one housekeeping 
gene from three different species of marine microbes were chosen and tested for 
activation, deactivation, or repression by using Quantitative Real time PCR (qPCR). 
 
 Microbial Ecology 
 
 Microbes are single-cell organisms including: autotrophic or heterotrophic 
prokaryotes, autotrophic or heterotrophic eukaryotes, and viruses (Kirchman, 2000).  
Microbes can be found in all three domains of life including Bacteria, Archaea, and 
Eukaraya (Kirchman, 2000); in this research bacteria will be the focus.  Bacteria are 
prokaryotic organisms with usually rigid cell walls and DNA loosely organized in the 
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nucleoid.  Bacteria are identified by the “genetic distance in the composition of the 16S 
or 18S subunits of ribosomal ribonucleic acid moles (rRNA) (Kirchman, 2000).  
 There was once a perception that marine microbes were distributed 
homogeneously throughout the ocean, but growing evidence indicates the perception that 
marine microbes are distributed heterogeneously (Long and Azam, 2001).  The world’s 
oceans have a remarkable diversity of marine microbes that dominate various habitats 
and drive globally important biochemical cycles (Strom, 2008).  The location of each 
microbial species and their activities are focused on resource availability, but the 
continual reshaping of communities by mortality allelopathy and symbiosis shows how 
community interaction cause selective pressure on microbes (Strom, 2008). 
 Microbes can live together in a mutualistic way know as syntrophy, which is 
involved in the degradation of organic substrates by microbial communities in the ocean 
(Stolyar et al., 2007).  In this mutualistic situation, there is a transfer of metabolites 
between species that is essential for their growth (Stolyar et al., 2007), and it helps the 
different species utilize a substrate that neither could use on its own (Terry, 2003).   A 
popular example of syntrophy in research completed by many scientists is that “widely 
distributed phenomenon of interspecies hydrogen transfer between sulfate reducers and 
methanogens, which use hydrogen to gain energy by reducing carbon dioxide into 
methane,” (Stolyar et al., 2007). Stolyar et al. (2007) used the fully sequenced genomes 
of Desulfovibrio vulgaris and Methanococcus maripaludis to “produce and analyze the 
first multispecies stoichiometric (quantitative relationships between product and reactants 
of chemical equations) metabolic model,” giving a better understanding to the rate of 
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production of methane in many environments being dependant on mutualistic 
interactions. 
 Studies have shown that microbes antagonistic interactions may contribute to 
differences in community structure (Long and Azam, 2001).  Long and Azam (2001) 
looked at 86 different isolates for their inhibition of growth of the remaining 85 isolates, 
finding that half of the isolates expressed antagonistic activity; determining that 
widespread interspecies growth inhibition is consistent with structuring bacterial 
communities at the microscale (Long and Azam, 2001).  Another study completed by 
Rypien et al. (2010) looked at antagonism among 67 bacterial isolates from the coral 
Montastrea annularis at two different temperatures using the Burkholder agar diffusion 
assay.  The study showed that 69.9% of the bacterial isolates at 25
o
C and 52.2% of 
bacterial isolates at 31
o
C showed signs of hindering activity (Rypien et al., 2010), which 
was a majority of their isolates. 
 Today eukaryotic plankton can easily be categorized both taxonomically and 
metabolically by their phenotypes, but planktonic bacteria still remain more difficult to 
identify using core characteristics and physiological properties (DeLong, 2009).  Recent 
advances in the molecular field such has in metagenomics has influenced our newfound 
knowledge of these microscopic organisms (DeLong, 2009). Molecular methods have 
allowed researchers to characterize many poorly understood and uncultured 
microorganisms (Head et al., 1998). Ribosomal RNA (rRNA) gene sequencing 
comparisons are used to interpret microbial evolutionary relationships.  By extracting 
these phylogenetically informative genes from microbes it allows a greater scrutiny and 
understanding of the microbial world (DeLong, 2005).  Through this type of research 
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discoveries have included: recognition of new phylogenetic lineages, distributional 
mapping, and fundamental realization that most of the microbial diversity had avoided 
detection by traditional cultivation approaches (DeLong, 2005). 
 The field of comparative genomics has allowed scientists to create experiment-
based annotations to be transferred to “novel genomes, and quickly gained prominence as 
a valuable tool for understanding both genes and genomes,” (Tringe and Rubin, 2005).  
Genomic sequencing technologies have also had a major impact on microbial biology 
which provides scientists new insights to microbial evolution, ecology, biochemistry, 
physiology, diversity, and environmental sciences (DeLong, 2005).  
 A good example of how the field of marine genomics is growing is a recent study 
known as the Global Ocean Sampling Expedition which took to the seas in 2007 to 
perform an environmental metagenomics project.  This research expedition was 
completed to gaining a better understanding of the role that microbes play in the 
environment by “sequencing their DNA without first needing to isolate individual 
organisms,” (Rusch et al, 2007).  Through this project, the scientists were able to develop 
two new comparative genomic and assembly methods called “fragment recruitment” and 
“extreme assembly,” (Rusch et al., 2007).  “Fragment recruitment” allowed the scientists 
to look at questions involving genomic structure, evolution, phylogenetic diversity, and 
biochemical diversity of genes (Rusch et al., 2007), and the “extreme assembly” method 
made it possible for the “assembly and reconstruction of large segments of abundant but 
clearly nonclonal organisms,” (Rusch et al., 2007). 
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Significance and Laboratory Model System 
 
 Microorganisms have been found and described in many species of marine 
sponges, yet their metabolic activity has just begun to be intensely studied. These 
organisms have become a foundation for the isolation of natural products (Bultel-Ponce 
et al., 1999). 
 Marine sponges contain dense and diverse microbial communities, consisting of 
bacteria from ten different phyla (Wagner and Behnam, 2008).  The microbes found 
living within the sponges are usually not considered symbionts, but are non-obligate 
associates (Bultel-Ponce et al., 1999) which means they can live apart from one another 
but are better off living together.  
 Marine bacteria have many different metabolic traits of use to the host sponge 
including nitrification, photosynthesis, anaerobic metabolism, and secondary metabolite 
production (Wagner and Behnam, 2008).  However, in many cases the exact nature of the 
interactions between the sponge and the microbe are still in question (Wagner and 
Behnam, 2008).   
 Microbes living in sponges are important for both ecological and biotechnological 
reasons.  In the ecological sense, microbes allow sponges to compete with corals and 
other benthic organisms due to the fact that they provide the sponge with nutrients and 
photosynthetic capabilities (Wagner and Behnam, 2008).  
  Sponges have a massive number of microbes, labeling them as ‘microbial 
fermenters’ able to produce a wide range of bioactive properties and have pharmaceutical 
potential (Taylor et al., 2007).  In biotechnology point of view, sponges are abundant in 
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biologically active metabolites, many of which have “antimicrobial, antiviral, or 
antitumor properties,” which in some cases are produced by the microbes themselves 
(Wagner and Behnam, 2008). 
 
Secondary Metabolites 
 
 Marine microbes are of particular interest in both academic and industrial 
populations because of their “unique biologically active secondary metabolites,” (Jensen 
and Fenical, 1994).  New secondary metabolites from marine microbes have been looked 
at mainly with the observation that different strains belonging to the same species can 
produce different secondary metabolites (Jensen et al., 2007), but taxonomically different 
strains can produce identical secondary metabolites (Larsen et al., 2005).  
 Secondary metabolites also known as natural products, are molecules (organic 
compounds) that are not needed for growth or reproduction in organisms (Gibson, 2002), 
but an absence of these particular metabolites can result in long-term impairment of the 
microbe’s survivability.  Some scientists think that secondary metabolites also stem from 
overflow products or evolutionary leftovers of a former autophysiological function 
(Kirchman, 2000).  In bacteria secondary metabolites are often used as the basis of 
defense, chemical signaling, and host-microbe interactions (Buchan, 2005). 
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Quantitive Real-Time PCR (qPCR) 
 
 Quantitive Real-Time PCR was used to study the level of florescence in the 
selected gene.  Genes affecting secondary metabolite production, such as defensive 
mechanisms were the main focus.  
 Quantitative Real-Time PCR, also referred to as qPCR, is a highly sensitive 
technique which has remarkable potential for the high-volume analysis of gene 
expression in both research and routine medical diagnostics (Muller, 2002).  qPCR was 
invented in 1986 by Dr. Mullis et al. to allow the quantification of the amount of template 
DNA, something that the popular DNA microarray technology does poorly (Dahl, 2007).  
Since reagents, probes, and machinery needed to complete qPCR are expensive it was 
originally used only as a way to validate microarray data of certain selected genes (Dahl, 
2007). 
 qPCR provides real-time quantitation of an initial template of DNA or RNA.  
There are two different methods of qPCR, Real-Time vs. Endpoint.   Real-Time qPCR 
measures fluorescence data at every cycle as amplification continues.  The Real-Time 
method is used in many different research applications such as gene expression 
quantification, allele discrimination, and as a validation of microarray data (Stratagene, 
2007).  Endpoint qPCR is when fluorescence data is collected after the amplification 
reaction has been completed, and this final fluorescence is then used to back-calculate the 
amount of template present prior to PCR (Stratagene, 2007).  This method is known to 
give inconsistent results because the efficiency of the reactions during later cycles and 
can differ from sample to sample yielding differences in final fluorescence value 
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(Stratagene, 2007).   The Endpoint method is not reproducible enough to be used in gene 
expression analysis. 
 In this research the Real-Time method will be used because it is the more 
sensitive and reproducible method of qPCR.  In Real-Time qPCR the amount of the 
amplified product is linked to florescence intensity using a fluorescent reporter molecule; 
this signal is measured while amplification is in progress (Stratagene, 2007).  
Fluorescence intensity increases proportionally with each amplification cycle. Because 
the signal is measured during the amplification process, it allows the quantification of the 
template to be based on the “exponential phase of amplification of inhibitors, or 
inactivation of the polymerase have started to have an effect on the efficiency of 
amplification,” (Stratagene, 2007).  The fluorescent readings at the early cycles in the 
process will measure amplified template quantity where the reaction is more efficient.  
SYBR Green was the fluorescent report molecule used in this study.  SYBR Green only 
attaches to double stranded DNA (Zipper et al., 2004) or cDNA.   Once bound, in this 
case to the cDNA it emits a fluorescent light that is then read by the real-time qPCR 
machine. 
 There are two different methods used to analyze qPCR results, the standard curve 
method and the comparative threshold method.  The standard curve method requires less 
validation because the PCR efficiencies of the genes in question and the housekeeping 
gene do not have the equivalent (Applied Biosystems, 2004).   The standard curve 
method requires that on each plate ran a standard curve is produced.  This requires more 
reagents and more well usage on the reaction plates (Applied Biosystems, 2004).   This 
method yields highly accurate results because the value of the genes in question is always 
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interpolated from a standard curve (Applied Biosystesms, 2009).  The comparative 
threshold method, also known as the ΔΔCt method, compares the cycle threshold (Ct) 
value of the genes in question with a control (Ambion, 2009).  With the ΔΔCt method 
one uses a mathematical formula to reach results for relative quantitation (Applied 
Biosystems, 2004), and is an easy and convenient way to evaluate the relative changes in 
gene expression from qPCR experiments (Livak and Schmittgen, 2001).   
 For this research the method used to analyze the results from qPCR was the 
comparative threshold method (ΔΔCt analysis).    In this particular project the solo-
culture acts as the control.  Then, the Ct values of both the control and the genes in 
question are normalized to a housekeeping gene (Ambion, 2009).    This comparative 
method is know as the ΔΔCt method, and those computer programs do all the 
mathematical work using the equation: [delta][delta]Ct = [delta]Ct,sample – [delta]Ct,reference 
(BioRad).  For this comparative method to be valid, the amplification efficiencies of the 
genes in question and the housekeeping gene must be approximately equal (Ambion, 
2009). 
 
Microbial strains and genes used in this study 
 
Pseudomonas aeruginosa PAO1 
Pseudomonas aeruginosa PAO1 is a widespread opportunistic environmental 
microbe (Stover et al, 2000, LaBaer, 2004) found in sediment, marshes, and marine 
habitats (Stover et al, 2000).  This particular strain of P. aeruginosa is known for forming 
biofilms (O’Tolle and Kolter, 1998) in both marine and fresh water environments, and 
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have also been isolated from sponges (Kennedy et al., 2008).  The range of P.aeruginosa’ 
genome allows for specific functions which permit their survival in diverse environments 
(LaBaer et al., 2004).  
P. aeruginosa contains the highest proportion of regulatory genes observed in a 
microbial genome (Stover et al., 2000).  This large microbe also displays many paralogs 
for several gene families consisting of membrane transporters, secretion systems, 
regulatory factors, and adhesions (LaBaer, 2004).  Predicted genes for P. aeruginosa can 
be referred to in Table 2. 
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Table 2.  Functional classes of predicted genes (Stover et al., 2000). 
Function class ORFS 
% of 
ORFS 
   
Adaptation protection (cold shock proteins) 60 1.1 
Amino acid biosynthesis & metabolism 150 2.7 
Antibiotic resistance & susceptibility 19 0.3 
Biosynthesis of cofactors, prosthetic groups, & carriers 119 2.1 
Carbon compound catabolism 130 2.3 
Cell division 26 0.5 
Cell wall, LPS 83 1.5 
Central intermediary metabolism 64 1.1 
Chaperones & heat shock proteins 52 0.9 
Chemotaxis 43 0.8 
DNA replication, recombination, modification, & repair 81 1.5 
Energy metabolism 166 3 
Fatty acid & phospholipid metabolism 56 1 
Membrane proteins 7 0.1 
Motility & attachment 65 1.2 
Nucleotide biosynthesis & metabolism 60 1.1 
Protein secretion/export apparatus 83 1.5 
Putative enzymes 409 7.3 
Related phage, transposon, or plasmid 38 0.7 
Secreted factors (toxins, enzymes, alginate) 58 1 
Transcription, RNA processing, and degradation 45 0.8 
Transcriptional regulators 403 7.2 
Translation, post-translation modification, degradation 149 2.7 
Transport of small molecules 555 10 
Two-component regulatory systems 118 2.1 
   
Hypothetical 1,774 31.8 
Unknown (conserved hypothetical) 757 13.6 
   
Total 5,570 100 
 
 The genus P. aeruginosa is known to produce new bioactive secondary 
metabolites, many of which have a potential use in the medical field.  Research 
conducted by Nair and Simidu (1987) have discovered that marine P. aeruginosa species 
produce “antibiotic metabolite which are inhibitory for both gram negative and gram 
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positive bacteria.”  Also, P. aeruginosa species were found to have antimicrobial 
activities in different types of marine sponges (Kennedy et al., 2008). 
 The secondary metabolite genes chosen for this species were RhdA and PhzH.  
RhdA is a thiosulfate: cyanide sulfurtransferase (Rhodanese) (Cipollone et al., 2006).  
The RhdA gene in P. aeruginosa protects the microbe from cyanide toxicity by 
converting the cyanide to the less toxic form of thiocyanate (Cipollone et al., 2006).     
 In P. aeruginosa, the strategy used to face cyanide toxicity is through a cyanide-
insensitive oxidase, known as a CIO (Cipollone et al., 2006); this takes place during 
stationary phase and enables aerobic respiration even when an extremely low amount of 
cyanide is present (Cipollone et al, 2006). 
 Cyanide is an extremely toxic environmental pollutant because it can inhibit 
activity of many different key enzymes in several forms of life, but several organisms are 
known to synthesize, metabolize, and or degrade cyanide compounds (Cipollone et al., 
2006).  The ability to protect oneself from cyanide toxicity is called cyanogenesis, and 
has been found in an assortment of microorganisms with the genus of Pseudomonas 
aeruginosa being a model the example (Cipollone et al., 2006). 
 The gene PhzH is the known for the biosynthesis of Pyocyanin (PCN) (Mavrodi 
et al., 2001).  The secondary metabolite Pyocyanin (Parson et al., 2007) produces a blue 
pigment that acts as a redox-activing phenazine compound (Lau et al., 2004) as well as 
functions as a secondary metabolite in microbial competitiveness (Mavrodi et al., 2001).  
Ninety to 95% of P. aeruginosa species produce Pyocyanin (Mavrodi, 2001) and this 
species is currently the only known organism with the ability to produce this water-
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soluble pigment; though Streptomyces were discovered to produce an identical feature 
called cyanomycin (Reyes, 1981).  
 P. aeruginosa uses Pyocyanin to hinder “mammalian cell respiration, disrupt the 
beating of human cilia, and inhibit both epidermal cell growth,” (Hassett et al., 1992).  
Pyocyanin also acts as an antibiotic against many microorganisms which can benefit P. 
aeruginosa by elimination of competing microorganisms (Hassett et al., 1992). 
 
Figure 1.  Chemical representation of Pyocyanin (O’Mally et al, 2003). 
 
Roseobacter denitrificans Och114 
The Roseobacter clade is one of the most abundant types of bacteria found in marine 
environments and comprise up to 20% of all marine microbial communities (Wagner-
Dobler and Biebl, 2006).  One in 10 of bacterial cells found in surface waters of the open 
ocean, and 1 in 5 of bacterial cells found in coastal waters belong to the Roseobacter 
group (Moran et al., 2007).  
Roseobacter denitrificans Och114 are purple marine aerobic anoxygenic phototrophs 
(AAP) (Wingley et al., 2007) that play an inimitable role in global energy and carbon 
cycles (Zhang and Jioa, 2009).   A unique trait of this bacteria is that they are able to 
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grow both photoheterotrophically (in the presence of oxygen), and anaerobically (in the 
dark using nitrate as an electron acceptor) (Swingley et al., 2007).  This particular species 
has created a lot of interest in microbial research due to the fact that it can generate 
metabolic energy from light using anaerobic photosynthesis without the presence of 
oxygen, but unlike other purple bacteria it is capable of creating metabolic energy in the 
presence of oxygen (Wagner-Dobler and Biebl, 2005).  R. denitrificans was the first 
bacterium discovered to have the anoxygenic phototrophic feature, and is most studied 
strain of AAP (Zhang and Jiao, 2009) (Swingley et al., 2007).  
 R. denitrificans belongs to the α-3 subclass of the class Proteobacteria (Buchan et 
al., 2005).   Alphaproteobacteria (α) are a diverse class of organisms belonging to the 
phylum of Proteobacteria and play many central biological roles in life such as 
intracellularly as plant mutualists and animal pathogens, as well as being the phylum that 
includes the most abundant marine cellular organisms (Williams et al, 2007).   Members 
of this particular α –class of Proteobacteria possess an assortment of metabolic strategies 
including:  nitrogen fixation, ammonia oxidation, methylotrophy, and photosynthesis 
(Williams et al., 2007).  Members α – 3 subclass share more that 89% identity of the 16S 
rRNA gene (Buchan et al., 2005). R. denitrificans has a “circular chromosome consisting 
of 4.1 million base pairs and four plasmids”, giving it 4,007 predicted genes (Swingley et 
al, 2007).  Predicted genes can be referred to in Table 1. 
 The mapping of the R. denitrificans genome reveals numerous metabolic options 
available to make this particular species successful in many different competitive marine 
environments (Swingley et al, 2006), such as oligotrophic areas which contain little 
nutrient material (Nybakken and Bertness, 2005).  
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Table 1 Features of selected gene categories of the Roseobacter denitrificans genome 
(Swingley et al. 2007). 
Selected gene category No. of %of 
 genes genome 
   
Energy, carbon, nitrogen, and other metabolism 658 16.4 
Transport 548 13.7 
Regulations and signal transduction 299 7.5 
Protein synthesis, modification, folding, etc. 284 7.1 
Cofactor biosynthesis 192 4.8 
Amino acid synthesis 151 3.8 
Envelope proteins 125 3.1 
DNA metabolism 110 2.7 
Transcription 62 1.5 
 
Roseobacter is a clade of marine microbes that have very diverse metabolisms, such 
as the production of secondary metabolites.  Roseobacter secondary metabolites are often 
lethal to other microorganisms and can possibly be the key to why this group is the most 
successful microorganism in the ocean (Danish Expedition Foundation, 2008). 
Antibacterial compounds were also found to be produced by the Roseobacter genus, and 
most likely play a part in the way they survive in the ocean environment.  The 
antibacterial compounds created by these organisms are possible candidates for 
“development of novel antibiotics and other antimicrobial compounds with a wide range 
of applications—in the clinical sector, in horticulture and animal production as well as in 
food and biotech processing,” (Danish Expedition Foundation, 2008). Roseobacter are 
also important when it comes to the process of nutrient turn-over in the ocean, and in the 
production of gas-soluble substances in cloud production (Danish Expedition Foundation, 
2008).     
The secondary metabolites chosen for this particular strain of R. denitrificans were 
metallo-beta-lactamase family protein and dimethulpropiothetin dethiomethylas (also 
known as DMSP lyase or dddL). 
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 There are four different classes of beta-lactamases simply referred to A, B, C, and 
D (Hall and Barlow, 2005).  R. denitrificans are type “B” beta-lactamases which are 
referred to as metallo-beta-lactamases (MBL’s) (Hall and Barlow, 2005).  “Metallo” 
refers to a protein enzyme that contains a metal ion cofactor known as a “metalloprotein,” 
(Technical University of Denmark, 2009) and the beta-lactamases are enzymes produced 
by bacteria that are resistant to beta-lactam antibiotics such as penicillin (Hall and 
Barlow, 2005), cephalosporin, cephamycin, carbapenem, and clavam (Collard, 1999).   
All bacteria that have the beta-lactamase enzyme defeat the antibiotic capabilities of other 
microorganisms, like penicillin, by breaking open the antibiotics’ four atom ring known 
as a beta-lactam and deactivating the antibacterial properties of that molecule (Abraham 
and Chain, 1940). 
Metallo-beta-lactamases are the latest generation of beta-lactamases, are resistant 
against beta-lactams, and account for more than half of the world’s antibiotic market 
(Tomatis et al., 2005).  MBL’s are also notably one of the cornerstones of antibacterial 
chemotherapy in humans (Tomatis et al, 2005).   
 Roseobacter are often found in association with dinoflagellates, which are one the 
major producers of dimethylsulfoniopropionate (DMSP) (Miller and Belas, 2004).  As of 
2004 no exact function of DMSP has been discovered, but it has been hypothesized that it 
is used for osmo-protection and cryo-protection, protection of oxidative stress, and 
antiherbivory (Miller and Belas, 2004).  Dimethylsulfoniopropionate (DMSP) is the 
“major source of sulfur in the world’s oceans and plays a significant role in the global 
sulfur cycle,” (Miller and Belas, 2004).   DMSP is produced during blooms of marine 
algae (Miller and Belas, 2004) as well as salt marsh grass (Todd et al, 2009).  This 
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cellular DMSP is released due to “algal senescense, predation, or stress and is degraded 
by both algal and bacterial enzymes” (Miller and Belas, 2004); one bacterium able to 
degrade DMSP in the marine environment is Roseobacter clade.  Roseobacter species, 
other unspecified bacteria species, and some phytoplankton produce dimethylpropiothetin 
dethiomethylas (DMSP lyase), the enzyme which degrades DMSP to produce 
dimethylsulfide (DMS) and acrylate (Miller and Belas, 2004).  Dimethylsulfide is the 
most abundant sulfur containing compound transferred from the ocean to the atmosphere, 
and contributes highly to the earth’s global sulfur cycle (Todd et al., 2009). 
There are just two known enzymes capable of converting DMSP to DMS, DddL and 
DddD (Todd et al., 2009).  DddL generates DMS and acrylate from the DMSP (Todd et 
al., 2004) produced by the other organisms found in the ocean; this is the defining trait of 
DMSP lyase (Todd et al., 2009).   
 
Salinispora arenicola CNS-205 
 Salinispora arenicola CNS-205 are actinomycetes, which are organisms that 
produce anti-cancer compounds (IUPAC, 1997).  The genus of Salinispora is the first 
marine obligate in the order Actinomycetales and produce many different biologically 
active secondary metabolites (Mincer et al., 2005).  This particular species is of 
importance in the marine microbial world due to the fact that it may “produce the 
bioactive compounds staurosporine and rifamycin which may be useful in the treatment 
of cancer,” (NCBI).   
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 S. arenicola are most often found in marine sediments and differ physiologically 
from those actinomycete species that occur on land due to their requirement of seawater 
for growth (Joint Genome Institute).   
 Salinispora species are the only actinomycetes in the Micromonosporacease 
family, and the only secondary metabolite producing actinomycetes to be sequenced 
(Joint Genome Institute).  In the long run the genome of this organism will help us better 
understand how secondary metabolites are produced and the evolutionary importance of 
secondary metabolite production (Joint Genome Institute). 
 S. arenicola are an abundant source of diverse secondary metabolites that possess 
pharmaceutically relevant biological actives (Jensen et al., 2007), as well as one of the 
most efficient group secondary metabolite producers (Solanki et al., 2008). One 
important secondary metabolites produced by the Salinispora species is salinosporamide 
A, which is a “potent proteasome inhibitor that has entered phase I clinical trials as an 
anticancer agent,” (Jensen et al., 2007).  This genus of marine microbe has been isolated 
from both sponges and from sediments, and consists of three different yet closely related 
clades (Jensen et al., 2007).  
 The two secondary metabolites chosen for this species were ROK family protein 
and salL (formally known as “protein of unknown function DUF62”).   
 The ROK family proteins in S. arenicola is one of many genes needed for the 
biosynthesis of the secondary metabolite streptomycin (KEGG, 2009).    Streptomycin is 
often used to treat tuberculosis (TB) in humans (Drug Information Online, 2009), and 
works by “killing sensitive bacteria by stopping the production of essential proteins 
needed by the bacteria to survive,” (Drug Information Online, 2009).  Though 
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streptomycin is better known as an antibiotic used to treat bacterial infections in humans, 
it has also been used as a pesticide to control bacteria, fungi, and algae in certain fruits, 
vegetables, seed, ornamental crops, ornamental ponds/aquariums (EPA, 1992).  
Streptomycin was first discovered by S.A. Wakman over 60 years ago as the first amino-
glycoside antibiotic, and today continues to save many people from tuberculosis (Ohnishi 
et al., 2008). 
 Though streptomycin has been known to humans for over 60 years, little work on 
the streptomycin from  the strainSalinispora arenicola CNS-205 has been completed or 
papers on this work have not yet been published. 
 The salL gene of S. arenicola is one of many genes that in combination with 
others codes for the secondary metabolite salinosporamide A (Eustaquio et al., 2009).  
Salinosporamide A is a type of polyketide which is a major class of bioactive natural 
products used to treat cancer and other microbial infections (Eustaquio et al., 2009).  
Polyketides are “abundant microbial metabolites that possess a remarkable diversity in 
chemical structure and biological function,” (Eustaquio, 2009).   SalL codes for 
chlorinase which halogenated S-adenosyl-L-methionine with chloride to generate 5’-
chloro-5’-deoxyadenosine and L-methionine (Eustaquio, 2008).  If the salL gene is 
inhibited the biosynthesis of salinosporamide A was found to be abolished (Eustaquio et 
al, 2009).  
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                   Figure 2.  Structures of Salinosporamide A (Feling et al, 2003). 
 
 
 Figure 3. Picture of Salinosporamide A’s biochemical process taken through x-   
                            ray crystallography (Technishe Universitaet Muenchen, 2009). 
 
Housekeeping Genes 
 Housekeeping genes (HKGs) will be used as a control while conducting qPCR.  
HKGs are essential genes that are transcribed at a constant level across many or all 
known conditions. The products of these genes are used by cells for basic maintenance 
and are unaffected by experimental conditions (Rutgers University).  The expression 
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level of selected HKGs will help provide a background when identifying differentially 
expressed genes during the research.  
 The same housekeeping gene, DNA-directed RNA polymerase, subunit alpha, was 
used for all three studied species.  DNA-directed RNA polymerase “catalyzes RNA 
synthesis by addition of ribonucleotide units to a RNA chain using DNA as a template,” 
(UniProt, 2009). 
 
Growth of Selected Bacterial Strains 
 
  
 There are many different factors that affect bacterial growth, and they differ 
among bacterial species and strains.  The major factors that affect generation time of 
bacteria include temperature, pH, and nutrient availability (Thiel, 1999).   Each strain of 
bacteria has their own optimal growth conditions and when met those bacteria are able to 
grow their strongest.   
 Temperature is the biggest factor in bacterial growth.  Generation time of bacteria 
decreases as temperature falls below their optimum temperature (Thiel, 1999), and will 
halt if the temperature falls below the minimum of that particular bacteria (Smith, 2008).   
If temperature rises from the optimal, chemical and enzymatic reactions proceed at a 
faster rate (Smith, 2008) and inactivation will eventually set in (Thiel, 1999). If 
temperature then surpasses the growth range and is too hot then a bacteria’s proteins are 
irreversibly damaged (Smith, 2008) and no growth is possible. The optimal temperature 
for bacteria can vary widely and usually reflects the average temperature and the 
temperature range of the environment in which they reside (Smith, 2008).  
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 Each strain of bacteria also has their own optimum pH (hydrogen-ion 
concentration).  This means that there is a certain degree of acidity or alkalinity that 
allows the bacteria to grow rapidly, at a decreased rate, or stop growth completely.  Every 
bacterium also must have the proper nutrient requirements for their optimal growth.   
Bacteria need both major and trace elements for their optimal growth, though the 
requirement of what element needed differ from strain to strain.  For example some of the 
major elements that can be required are carbon, hydrogen, oxygen, and iron; and some of 
the trace elements can be zinc and copper (Todar, 2008).   
 P. aeruginosa is not fastidious when it comes to growth conditions, and has very 
basic nutritional requirements.  P. aeruginosa has been observed growing in distilled 
water which indicates its minimal nutritional requirements (Todar, 2008).  Organic 
growth factors are not required for growth of this particular bacteria. Through research it 
has been determined that its optimum temperature for growth is 37
o
C, but it is able to 
grow at lower temperatures as well as temperatures up to 42
o
C (Todar, 2008).  For this 
research marine broth was used for growth because growth medium was keep constant 
throughout the research for all involved strains, but the easiest media for P.aeruginosa 
growth in laboratories according to Dr. Todar (2008) consists of “acetate as a source of 
carbon and ammonium sulfate as a source of nitrogen.”   
 R. denitrificans’ optimal growth conditions were provided by Arizona State 
University.  The growth conditions for this strain Roseobacter in a liquid media, at in a 
shaker with no light at 28
 o
C. 
 S. arenicola, as well as other organisms belonging to the Actinomycete family, 
are gram-positive bacteria with high G+C content in their DNA (Connell, 2001) and are 
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known to have some growth problems in labs. Slow growth rate, thick gooey broth, and 
unfavorable pellet formation (Van Wezel et al., 2006) are some of many problems faced 
when growing S. arenicola,, and these problems cause a “major bottleneck in their 
commercialization,” ( van Wezel et al., 2006). 
 The bacteria selected were not only grown individually, but also in co-culture.   A 
co-culture is defined as “a mixture of two or more cells that are grown together,” 
(National Cancer Institute, 2009).  The best way to study bacteria secondary metabolite 
interactions among other species of bacteria is by co-culturing.   For successful co-culture 
involving all bacteria, the growth conditions stated previously had to be adjusted to make 
growth optimal by trying different temperatures. 
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Hypothesis 
 
 This research will test the following hypotheses: 
 
1) Different gene levels will be expressed when two or more microbes are grown 
together, compared to growth in solo culture. 
2) Differential gene expression levels are dependent on the combination in which the 
microbes are co-cultured. 
3) The differentially expressed genes will be related to secondary metabolism. 
 
 
Objectives 
 
1) Select candidate genes for amplification and subsequent comparative studies, and 
select internal control housekeeping genes using bacteria with their whole genome 
sequenced. 
2) Determine growth curves of selected bacteria. 
3) Compare changes in gene expression in each species based on solo or co-culture 
by using Quantitative Real time PCR (qPCR) to test for differential gene expression 
in selected cDNA sequences. 
4) Determine which genes are differentially expressed when 2-3 different microbes 
are grown together. 
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Materials and Methods 
 
Microbial strains and growth conditions 
 
 
 Microbial strains used in the study and their sources are listed in Table 3.  P. 
aeruginosa, R. denitrificans, and S. arenicola strains were routinely grown in a shaker at 
28
o
C in marine broth.  
 Microbes were cultured on/in marine agar slants, marine agar stabs, and marine 
broth for short-term storage (Thiel, 1999).  Marine broth (1 L of filtered seawater, 5g 
Peptone, 1 g Yeast Extract, and 1 mL of trace metal solution) was made in the lab using 
protocol provided by Peter McCarthy at Harbor Branch Oceanographic Institute (2008).  
The trace metal solution (2.86 g H3BO3, 1.81 g MnCl2· 4H2O, 1.36 g FeEDTA, 0.08 g 
CuSO4 · 5H2O, 0.049 g Co (NO3)2 · 6H2O, 0.39 g NaMoO4 · 2H2O, 0.22 g ZnSO4· 
7H2O, and 1 l distilled H2O) required for the marine broth was made in the lab using 
protocol from Olson and McCarthy (2005).  Additional stocks of microbes were prepared 
with 15% glycerol and placed in -80
o
C for long-term storage (Bryukhanov and Netrusov, 
2004). 
Table 3 
Bacterial strains used in this study 
Microbial strain Source GenBank 
P. aeruginosa PAO1 PathoGenesis Corporation AE004091 
Roseobacter denitrificans Och114 Arizona State University (ASU) CP000362 
Salinispora arenicola CNS-205 Joint Genome Institute (JGI) CP000850 
 
 For co-culturing microbes were grown in separate 1 mL test tubes of marine broth 
and were combined together once each hit their individual log phase.  After combining 
the microbes at the start of log phase, analysis occurred at 0 minutes, 20 minutes, and 2 
hours after the addition.  For growth curves please see Appendix 2. 
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Primer Design 
 
 The primers used in the study are listed in Table 4. Primers for the chosen genes 
were designed using Primer Blast on the National Center for Biotechnology 
Information’s website (http://www.ncbi.nlm.nih.gov/tools/primer-blast/), designed 
sequences were then sent to Macrogen USA Inc. (http://www.macrogenusa.com) 
sequencing.  The sequences are shown in Appendix 3). 
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Table 4 
Primers used in this study   
Primer Name Primer 
Length 
(basepairs) 
SaliniAlphaqPCR-f GTAGTCAGCCTCACCGAAGG 20 
SaliniAlphaqPCR-rc GACCTCCTCGACATCCGTAA 20 
SaliniROKqPCR-f ATGGCTTCTCCAGGTCGTC 19 
SaliniROKqPCR-rc GATCGGATGACCTTCCACC 19 
SaliniSALL-f CCACGTGCACCAACAGCCCT 20 
SaliniSALL-rc TGTCCGCGACCTTTCACGGC 20 
RoseoAlphaqPCR-f TCACCTCTGTGCAGATCGAC 20 
RoseoAlphaqPCR-rc TGTCACCAGCAGTCACAACA 20 
RoseoBetaqPCR-f AATACGAATTGCCCAGCATC 20 
RoseoBetaqPCR-rc GCAGGCCATAACAACAACCT 20 
RoseoDMSP-f GTGCCGCACTGGCTGTGGAT 20 
RoseoDMSP-rc GCCGGCCAGATGCGACATGA 20 
PseudoAlphaqPCR-f TGATTTCGGTCAGGGACTTC 20 
PseudoAlphaqPCR-rc GATGACCTGGAACTGACCGT 20 
PseudoRhdAqPCR-f AGGAAGTGATCACCCACTGC 20 
PseudoRhdAqPCR-rc CTCTACAGGGGTATCGGGGT 20 
PseudoPHZH-f TGCGCGAGTTCAGCCACCTG 20 
PseudoPHZH-rc TCCGGGACATAGTCGGCGCA 20 
 To view full gene sequence please see Appendix 3. 
 
RNA Extraction 
 
 Total RNA was isolated during log phase of the solo-cultures and over three time 
periods during log phase in the co-cultures; with the exception of the P. aeruginosa-R. 
denitrificans co-culture which had four time point extractions from each microbial 
sample.   The three time points used were 0 minutes, 30 minutes, and 2 hours after co-
culturing.  A fourth time point of one hour was added for the P.aeruginosa-R. 
denitrificans co-culture. 
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 RNA was isolated using the Rneasy Mini Kit (Qiagen, Valencia, CA) and the 
manufacturers’ protocol.  The RNA was treated with the optional shredder step in the 
protocol along with Dnase I (Qiagen, Valencia, CA).   
 Successful extraction was tested by running a 1% agarose gel electrophoresis 
(Johansson, 1972) in TBE stained with ethidium bromide to check for the presence of 
RNA.  Purity and concentration of the isolated RNA was then accessed by using the 
NanoDrop 1000 Spectrophotometer (Thermo Scientific). 
 The most important results given by spectrophotometer are the ng/µl (the 
concentration) and the 260/280 ratio (the purity).   The concentration of RNA is based 
upon the absorbance at 260 nm and the selected analysis constant (NanoDrop 1000 
Spectrophotometer, Thermo Scientific), and the 260/280 ratio (the purity) is the ratio of 
the sample absorbed at 260nm and 280 nm.  When working with RNA a ratio of about 
2.0 is accepted as “pure” RNA (NanoDrop 1000 Spectrophotometer, Thermo Scientific). 
 
cDNA Synthesis 
 RNA was then reverse-transcribed into complementary DNA (cDNA) using 
Ambion’s RETROscript Kit and the manufacturer’s protocol (Ambion, Austin, TX).  
 Targeted cDNA was then amplified using Polymerase Chain Reactions (PCR) to 
check the bands for basepare size.  A thermal cycler was used to perform PCR through 
the use of 35 cycles.  Each cycle consisting of  (1) a denaturing cycle at 94
o
C, (2) a 
primer annealing cycle at 64
o
C, and finally (3) an extension cycle at 72
o
C (Klug and 
Cummings, 2003).  The PCR products were then sent for sequencing by Macrogen USA, 
Inc. 
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 The purity and amount of cDNA was accessed by using the NanoDrop 1000 
Spectrophotometer (Thermo Scientific) . The most important results given by the 
spectrophotometer are the ng/µl (the concentration) and the 260/280 ratio (the purity). 
The concentration of cDNA is based upon the absorbance at 260 nm and the selected 
analysis constant (NanoDrop 1000 Spectrophotometer, Thermo Scientific), and the 
260/280 ratio (the purity) is the ratio of the sample absorbed at 260nm and 280 nm.  
When working with cDNA a ratio of about 1.8 is accepted as “pure” cDNA (NanoDrop 
1000 Spectrophotometer, Thermo Scientific). 
  
Quantitative Real-Time PCR (qPCR) 
 
 The MJ MiniOpticon qPCR (by Bio-Rad), was used to complete this part of the 
research.  The protocol used was provided by SYBR Green (Ambion).  One change made 
to the protocol was the amount of reagents used.  Instead of having a 50µl reaction in 
each well, the amounts were cut in half to yield a 25µl reaction in each well.  This only 
was only done to cut the usage of SYBR Green.  The adjusted protocol can be referred to 
in Appendix 1. Samples were set up in triplicates on 48-well plates with one negative 
control.  Two runs were completed for each sample. 
 Cycling parameters included one cycle of denaturing at 94
o
C/2 minutes, followed 
by 35 three step cycles of amplification (95
 o
C /30 seconds, 64
 o
C /30 seconds, 72
 o
C /30 
seconds).  A melting curve was also completed on the first run for each sample.  Melting 
curve analysis was performed using a temperature range of 65
 o
C to 90
 o
C with a hold of 
2 seconds. 
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 Once qPCR was complete data was exported from the MJ MiniOpticon software, 
converted by the GeneX conversion macro (Bio-Rad), and analyzed using the Gene 
Expression Macro version 1.1 (Bio-Rad) in Microsoft Excel.  The ΔΔCt method was used 
to determine expression levels. 
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Results 
RNA Isolation – Solo and Co-Cultures 
 RNA is represented by two “bands” when ran on an electrophoresis gel (Figures 
4, 5, and 6) followed by a light smear on the bottom (mRNA).  A smear does not always 
have to be present on the gel to contribute to quality RNA extraction results. 
 RNA extractions were run with a DNA 1kb ladder, though the ladder bands were 
not used in anyway to evaluate the quality of the RNA seen in the gel. 
   
                                                  A                                                          B                                  
 Figure 4.  (a)RNA of R. denitrificans (2) and P. aeruginosa (3) with DNA ladder 
 1) as a control. (b) RNA of S. arenicola (2) with DNA ladder (1) as a control. 
 
1 2 3 
1 2 
1 1 2 
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                   A                                                B                                                 C           
 Figure 5.  (a) RNA of co-culture P.  aeruginosa & R. denitrificans at 0 minutes  
 (2) with DNA ladder (1) as a control. (b) RNA of co-culture P. aeruginosa POA1 
 & R. denitrificans at 20 minutes (2) and at 2 hours (4); and DNA ladder (1 & 3) as 
 a control. (c) RNA of co-culture P. aeruginosa & R. denitrificans with the 
 addition 1hr (2) and DNA ladder (1) 
 
 
 
 
 
 
 
 
 
1 2 3 4 1 2 
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Figure 6.  RNA of co-cultures of P. aeruginosa, R. denitrificans, and S. 
arenicola. DNA  ladder (1) as a control, P. aeruginosa-S. arenicola at 0 minutes 
(2), R. denitrificans-S. arenicola at 0 minutes (3), P. aeruginosa –R. 
denitrificans—S. arenicola at 0 minutes (4), P. aeruginosa – S. arenicola at 30 
minutes (5),  R. denitrificans-S. arenicola at 30 minutes (6), P. aeruginosa –R. 
denitrificans- S. arenicola at 30 minutes (7), P. aeruginosa –S. arenicola at 2 
hours (8), R. denitrificans-S. arenicola at 2 hours (9) and P. aeruginosa-R. 
denitrificans-S. arenicola at 2 hours (10). 
  
 A spectrophotometer was used to determine the quality and the precise 
concentration of the RNA extracted, which cannot be determined just by examining the 
gel.   Tables 5 – 8 represent the NanoDrop1000 readings from the above RNA band 
photo (Figures 4, 5, 6, 7, 8, and 9) based on a final value of 30µl. 
 Table 5.  NanoDrop 1000 Spectrophotometer (Thermo Scientific) readings of 
 RNA extractions concentration and purity in relation to Figure 4a. 
 
Sample ID ng/µl 260/280 
Roseobacter denitrificans Och114 276.83 2.04 
P. aeruginosa PAO1 363.35 2.10 
 
 Table 6.  NanoDrop 1000 Spectrophotometer (Thermo Scientific) readings of 
 RNA extractions concentration and purity in relation to Figure 4b. 
 
Sample ID ng/µl 260/280 
Salinispora arenicola CNS-205 360.31 2.10 
1 2 3 4 5 6 7 8 9 10 
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 Table 7.  NanoDrop 1000 Spectrophotometer (Thermo Scientific) readings of 
 RNA extractions concentration and purity in relation to Figure 5 a, b, and c. 
 
Sample ID ng/µl 260/280 
P. aeruginosa – R. denitrificans co-
culture – 0 minutes 
430.87 2.08 
P. aeruginosa – R. denitrificans co-
culture – 30 minutes 
206.02 2.11 
P. aeruginosa – R. denitrificans co-
culture – 1 hour 
297.66 2.13 
P. aeruginosa – R. denitrificans co-
culture – 2 hours 
529.82 2.15 
 
 Table 8.  NanoDrop 1000 Spectrophotometer (Thermo Scientific) readings of 
 RNA extractions concentration and purity in relation to Figure 6. 
 
Sample ID ng/µl 260/280 
P. aeruginosa – S. arenicola co-
culture – 0 minutes 
204.53 2.11 
P. aeruginosa – S. arenicola co-
culture – 30 minutes 
262.10 2.13 
P. aeruginosa – S. arenicola co-
culture – 2 hour 
228.74 2.11 
R. denitrificans-S. arenicola  co-
culture – 0 minutes 
121.53 1.97 
R. denitrificans-S. arenicola  co-
culture – 30 minutes 
114.28 1.95 
R. denitrificans-S. arenicola  co-
culture – 2 hours 
136.12 2.10 
P. aeruginosa – R. denitrificans-S. 
arenicola  co-culture – 0 minutes 
191.93 2.15 
P. aeruginosa – R. denitrificans-S. 
arenicola  co-culture – 30 minutes 
215.44 2.13 
P. aeruginosa – R. denitrificans-S. 
arenicola  co-culture – 2 hours 
359.82 2.10 
 
 The sequences from Macrogen USA, Inc. came back as matches after using 
NCBI’s Blast program and can be referred to in Appendix 3. 
 
  41   
cDNA Synthesis – Solo and Co-Cultures 
 
 The NanoDrop 1000 Spectrophotometer (Thermo Scientific) was used to 
determine the quality and the concentration of the cDNA synthesis preformed using the 
RETROscript protocol (Ambion).  Tables 9-11 show readings from the NanoDrop1000 
spectrophotometer. 
 Table 9.  NanoDrop 1000 Spectrophotometer (Thermo Scientific) readings of 
 cDNA Synthesis extractions concentration and purity. 
 
Sample ID ng/µl 260/280 
R. denitrificans 899.89 1.69 
P. aeruginosa PAO1 1066.86 1.76 
 
 
 Table 10.  NanoDrop 1000 Spectrophotometer (Thermo Scientific) readings of 
 cDNA Synthesis extractions concentration and purity. 
 
Sample ID ng/µl 260/280 
P. aeruginosa – R. denitrificans co-
culture – 0 minutes 
788.71 1.72 
P. aeruginosa – R. denitrificans co-
culture – 30 minutes 
765.66 1.71 
P. aeruginosa – R. denitrificans co-
culture – 1  hour 
774.63 1.70 
P. aeruginosa – R. denitrificans co-
culture – 2 hours 
799.24 1.73 
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Table 11.  NanoDrop 1000 Spectrophotometer (Thermo Scientific) readings of  cDNA 
Synthesis extractions concentration and purity. 
 
Sample ID ng/µl 260/280 
P. aeruginosa – S. arenicola co-
culture – 0 minutes 
2355.43 1.72 
P. aeruginosa – S. arenicola co-
culture – 30 minutes 
1044.02 1.74 
P. aeruginosa – S. arenicola co-
culture – 2 hour 
687.38 1.74 
R. denitrificans-S. arenicola  co-
culture – 0 minutes 
2294.05 1.75 
R. denitrificans-S. arenicola  co-
culture – 30 minutes 
1236.05 1.76 
R. denitrificans-S. arenicola  co-
culture – 2 hours 
684.96 1.85 
P. aeruginosa – R. denitrificans-S. 
arenicola  co-culture – 0 minutes 
1627.72 1.76 
P. aeruginosa – R. denitrificans-S. 
arenicola  co-culture – 30 minutes 
684.35 1.73 
P. aeruginosa – R. denitrificans-S. 
arenicola  co-culture – 2 hours 
680.87 1.75 
 
 
qPCR Results – Solo and  Co-Cultures 
 
 Two separate qPCR experiments for both the solo and co-cultured bacteria were 
run, and each gene was tested in triplicate.  Triplicates were run in case of an outlier(s)  
Outliers are numbers that are invalid to this research, and if any, can be seen in Appendix 
4.   Outliers are usually due to pipetting mistakes.     
 A Melting Curve (Appendix 4) was completed for the first run of each 
gene/sample to check for primer dimers.  The Melting Curve also looks for contamination 
as well as “ensure reaction specificity and accurate quantification,” (Invitrogen, 2009).  If 
no primer dimers were present the second run was completed with no Melting Curve. 
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Fig 7.  P. aeruginosa gene expression in the P. aeruginosa-R. denitrificans co-culture, 
first run.  Solo-culture (P-Solo), the control automatically set to the expression level of 
one; co-culture after 0 minutes, 30 minutes,  2 hours. 
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Fig 8.  P. aeruginosa cycle threshold in the P. aeruginosa-R. denitrificans co-culture, 
first run.  Solo-culture (P-Solo), the control; co-culture after 0 minutes, 30 minutes, and 2 
hours 
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Table 12.  Data graphed in (Figures 7 and 8).  
 
Ct Ct s.d. expr expr s.d. Ct Ct s.d. expr expr s.d.
P-Solo * 23.01 0.609  1.00 0.435  23.32 0.120  1.00 0.132    
0 min 19.87 0.215  0.07 0.022  22.54 0.226  0.01 0.004    
30 min 20.18 0.072  0.27 0.076  24.44 0.487  0.03 0.011    
2 hr 18.33 0.219  0.27 0.049  18.65 0.021  0.27 0.027    
identifier RhdA PhzH
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Fig  9.  P. aeruginosa gene expression in the P. aeruginosa-R. denitrificans co-culture, 
second run.  Solo-culture (P-Solo), the control automatically set to the expression level of 
one; co-culture after 0 minutes, 30 minutes, and 2 hours. 
 
  45   
22.02
20.30 20.26
19.45
18.79 19.39
20.30
17.38
0.00
5.00
10.00
15.00
20.00
25.00
P-Solo * 0 min 30 min 2 hr
Time
C
(t
) RdhA
PhzH
 
 
Fig 10.  P. aeruginosa cycle threshold in the P. aeruginosa-R. denitrificans co-culture, 
second run.  Solo-culture (P-Solo), the control; co-culture after 0 minutes, 30 minutes, 
and 2 hours. 
 
Table 13.  Data graphed in (Figures 9 and 10). 
 
Ct Ct s.d. expr expr s.d. Ct Ct s.d. expr expr s.d.
P-Solo * 22.02 0.180  1.00 0.143  18.79 0.116  1.00 0.106  
0 min 20.30 0.456  0.05 0.017  19.39 0.096  0.01 0.001  
30 min 20.26 0.115  0.24 0.067  20.30 0.105  0.03 0.007  
2hr 19.45 0.116  0.56 0.097  17.38 0.090  0.25 0.042  
identifier RhdA PhzH
 
 When P. aeruginosa and R. denitrificans were grown together in co-culture P. 
aeruginosa-R. denitrificans differences in gene expression level are observed. Both P. 
aeruginosa genes, RdhA and PhzH, showed a slight increase in the amount of gene 
expressed as time progressed, but throughout all three time periods in both runs there is 
an overall repressed level of gene expression (Figures 7 and 9) on the selected secondary 
metabolites. 
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Fig 11.  P. aeruginosa cycle threshold in the P. aeruginosa-S. arenicola co-culture, first 
run.  Solo-culture (P-Solo), the control; co-culture after 0 minutes, 30 minutes, and 2 
hours. 
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Fig 12.  P. aeruginosa cycle threshold in the P. aeruginosa-R. denitrificans co-culture, 
first run.  Solo-culture (P-Solo), the control; co-culture after 0 minutes, 30 minutes, and 2 
hours. 
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Table 14.  Data graphed in (Figure 11 and 12).  
 
Ct Ct s.d. expr expr s.d. Ct Ct s.d. expr expr s.d.
P-Solo * 24.35 0.067  1.00 0.147    23.87 0.158  1.00 0.177    
0 min 25.34 0.049  0.03 0.022    24.36 0.304  0.04 0.032    
30 min 19.67 0.155  0.14 0.015    23.76 0.248  0.01 0.001    
2 hr 19.75 0.293  0.16 0.040    23.99 0.159  0.01 0.001    
identifier RdhA PhzH
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Fig 13.  P. aeruginosa cycle threshold in the P. aeruginosa-S. arenicola co-culture, 
second run.  Solo-culture (P-Solo), the control; co-culture after 0 minutes, 30 minutes, 
and 2 hours. 
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Fig 14.  P. aeruginosa cycle threshold in the P. aeruginosa-S. arenicola co-culture, 
second run.  Solo-culture (P-Solo), the control; co-culture after 0 minutes, 30 minutes, 
and 2 hours. 
 
Table 15.  Data graphed in (Figures 13 and 14). 
 
Ct Ct s.d. expr expr s.d. Ct Ct s.d. expr expr s.d.
P-Solo * 22.50 0.618  1.00 0.463  23.00 0.057  1.00 0.179    
0 min 22.60 0.445  0.15 0.058  25.48 0.340  0.03 0.009    
30 min 23.50 0.458  0.14 0.044  25.28 0.151  0.06 0.006    
2 hr 20.16 0.518  0.19 0.076  24.01 0.107  0.02 0.004    
identifier RdhA PhzH
 
 
 In the P. aeruginosa – S. arenicola co-culture P. aeruginosa shows a repression 
of both secondary metabolite genes (Figures 11 and 13) when compared to the 
standardized P. aeruginosa solo-culture.   The expression level of both RdhA and PhzH 
varies slightly by rising and falling throughout all time points tested, but again all are 
repressed. 
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Fig 15.  P. aeruginosa cycle threshold in the P. aeruginosa-R. denitrificans-S. arenicola 
co-culture, first run.  Solo-culture (P-Solo), the control; co-culture after 0 minutes, 30 
minutes, and 2 hours. 
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Fig 16.  P. aeruginosa cycle threshold in the P. aeruginosa-R. denitrificans-S. arenicola 
co-culture, first run.  Solo-culture (P-Solo), the control; co-culture after 0 minutes, 30 
minutes, and 2 hours.  
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Table 16.  Data graphed in (Figures 15 and 16). 
 
Ct Ct s.d. expr expr s.d. Ct Ct s.d. expr expr s.d.
P-Solo * 24.35 0.067  1.00 0.137    21.05 0.658  1.00 0.474    
0 min 19.24 0.121  0.46 0.255    25.01 0.071  0.00 0.000    
30 min 19.98 0.377  0.71 0.194    25.10 0.129  0.00 0.000    
2 hr 18.85 0.272  1.06 0.206    22.87 0.241  0.01 0.001    
identifier RdhA PhzH
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Fig 17.  P. aeruginosa cycle threshold in the P. aeruginosa-R. denitrificans-S. arenicola 
co-culture, second run.  Solo-culture (P-Solo), the control; co-culture after 0 minutes, 30 
minutes, and 2 hours. 
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Fig 18.   P. aeruginosa cycle threshold in the P. aeruginosa – R. denitrificans – S. 
arenicola co-culture, second run.  Solo-culture (P-Solo), the control; co-culture after 0 
minutes, 30 minutes, and 2 hours. 
 
Table 17.  Data graphed in (Figures 17 and 18). 
 
Ct Ct s.d. expr expr s.d. Ct Ct s.d. expr expr s.d.
P-Solo * 22.50 0.618  1.00 0.463    23.00 0.057  1.00 0.179    
0 min 19.36 0.101  0.25 0.018    25.19 0.535  0.01 0.002    
30 min 18.67 0.208  0.53 0.162    24.98 0.059  0.01 0.003    
2 hr 20.37 0.723  0.86 0.532    24.43 0.307  0.07 0.031    
identifier RdhA PhzH
s 
 
 In the P. aeruginosa-R. denitrificans-S. arenicola co-culture, P. aeruginosa’s  
gene RdhA expression level is slightly increased through all three time periods, while the 
gene PhzH is very repressed or not expressed at all (Figures 15 and 17).  
 The gene RdhA is repressed for both the 0 minute and 30 minute time points, but 
at the 2 hour time point comes close to being expressed as must as the P. aeruginosa 
solo-culture (Figure 17) and have a slightly higher gene expression level than the solo-
culture (Figure 15). 
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Fig 19.  R. denitrificans gene expression in the P. aeruginosa-R. denitrificans co-culture, 
first run.  Solo-culture (P-Solo), the control automatically set to the expression level of 
one; co-culture after 0 minutes, 30 minutes, 1 hour,  and 2 hours. 
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Fig 20.  R. denitrificans cycle threshold in the P. aeruginosa-R. denitrificans co-culture, 
first run.  Solo-culture (P-Solo), the control; co-culture after 0 minutes, 30 minutes, 1 
hour, and 2 hours. 
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Table 18.  Data graphed in (Figures 19 and 20).  
 
Ct Ct s.d. expr expr s.d. Ct Ct s.d. expr expr s.d.
R-Solo * 22.04 0.222  1.00 0.407    23.47 0.187  1.00 0.398    
0 min 23.46 0.445  0.02 0.008    22.34 0.135  0.13 0.025    
30 min 24.92 0.807  2.07 1.384    26.05 0.096  2.56 0.954    
1 hr 23.74 0.268  1.50 0.297    25.42 0.405  1.26 0.364    
2 hr 22.98 0.573  0.10 0.053    22.88 0.196  0.30 0.102    
identifier BetaLact DMSP
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Fig 21.  R. denitrificans gene expression in the P. aeruginosa-R. denitrificans co-culture, 
second run.  Solo-culture (P-Solo), the control automatically set to the expression level of 
one; co-culture after 0 minutes, 30 minutes, 1 hour, and 2 hours. 
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Fig 22.  R. denitrificans cycle threshold in the P. aeruginosa-R. denitrificans co-culture, 
second run.  Solo-culture (P-Solo), the control; co-culture after 0 minutes, 30 minutes, 1 
hour, and 2 hours. 
 
Table 19.  Data graphed in (Figure 21 and 22).  
 
Ct Ct s.d. expr expr s.d. Ct Ct s.d. expr expr s.d.
R-Solo * 22.76 0.287  1.00 0.633    23.87 0.316  1.00 0.640    
0 min 25.69 0.134  0.13 0.026    24.54 0.435  0.62 0.218    
30 min 26.62 0.211  1.56 0.401    27.47 0.328  1.88 0.583    
1 hr 26.00 0.141  1.24 0.240    26.71 0.061  1.64 0.282    
2 hr 22.83 0.592  0.17 0.080    23.44 0.310  0.24 0.074    
identifier BetaLact DSMP
 
 In the P. aeruginosa-R. denitrificans co-culture, R. denitrificans showed a mixture 
of both repressed and escalated levels of gene expression (Figures 19 and 21) on the 
selected secondary metabolite genes throughout all time points.    
 Both selected secondary metabolite genes, BetaLact and DMSP, are repressed at 
the 0 minute time point (Figures 19 and 21), but then gene expression level rises at the 30 
minute time point and are expressed at a higher level than in the R. denitrificans solo-
culture.  At one hour an additional time point was completed to confirm that the spike in 
gene level expression at the 30 minute time point was a trend and not an anomaly. 
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Results show the gene expression level at the one hour time point is slightly decreased 
from the previous 30 minute time point, but genes appear expressed at a higher level in 
comparison to the solo-culture, showing that this is a trend.  At two hours the gene 
expression levels of both genes decreases once again and go back into a suppressed level.  
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Fig 23.  R. denitrificans gene expression in the R. denitrificans-S. arenicola  co-culture, 
first run.  Solo-culture (P-Solo), the control automatically set to the expression level of 
one; co-culture after 0 minutes, 30 minutes, and 2 hours. 
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Fig 24.  R.  denitrificans cycle threshold in the R. denitrificans-S. arenicola co-culture, 
first run.  Solo-culture (P-Solo), the control; co-culture after 0 minutes, 30 minutes, and 2 
hours. 
 
 
Table 20.  Data graphed in (Figures 23 and 24).  
 
Ct Ct s.d. expr expr s.d. Ct Ct s.d. expr expr s.d.
R-Solo * 24.08 0.333  1.00 0.373    25.20 0.409  1.00 0.407    
RS-1 23.79 0.348  4.01 1.487    25.43 0.156  2.79 0.842    
RS-2 22.48 0.419  0.12 0.040    24.64 0.057  0.06 0.009    
RS-3 24.95 0.194  0.03 0.006    25.29 0.232  0.05 0.011    
identifier BetaLact DMSP
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Fig 25.  R. denitrificans gene expression in the R. denitrificans-S. arenicola  co-culture, 
second run.  Solo-culture (P-Solo), the control automatically set to the expression level of 
one; co-culture after 0 minutes, 30 minutes, and 2 hours. 
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Fig 26.  R. denitrificans cycle threshold in the R. denitrificans-S. arenicola co-culture, 
second run.  Solo-culture (P-Solo), the control; co-culture  after 0 minutes, 30 minutes, 
and 2 hours. 
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Table 21.  Data graphed in (Figures 25 and 26).  
 
Ct Ct s.d. expr expr s.d. Ct Ct s.d. expr expr s.d.
R-Solo * 24.20 0.102  1.00 0.284    24.68 0.165  1.00 0.297    
RS-1 23.79 0.348  5.95 2.208    25.43 0.156  2.66 0.802    
RS-2 24.26 0.142  0.05 0.010    23.50 0.176  0.13 0.024    
RS-3 24.05 0.227  0.04 0.009    24.92 0.184  0.03 0.006    
identifier BetaLact DMSP
 
 
 In the R. denitrificans –S. arenicola co-culture R. denitrificans shows a spike of 
gene expression in both secondary metabolite genes at 0 minutes after combining the two 
bacteria, followed by a big decrease in the gene expression at 30 minutes and 2 hours 
after the co-culture (Figures 23 and 25). 
 The BetaLact gene in this co-culture is expressed five times as much as the 
BetaLact gene in the R. denitrificans  solo-culture at the 0 minute time point.  Expression 
level then drops significantly as time progresses and genes become greatly repressed at 
the 30 minute and 2 hour time points compared to expression level at the 0 minute time 
point.  The DMSP gene is expressed about three times as much as the same gene in the R. 
denitrificans solo-culture at the 0 minute time point.  It then too decreased as time 
progressed and becomes greatly repressed at the 30 minute and 2 hour time points. 
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Fig 27.  R. denitrificans gene expression in the P. aeruginosa-R. denitrificans-S. 
arenicola co-culture, first run.  Solo-culture (P-Solo), the control automatically set to the 
expression level of one; co-culture after 0 minutes, 30 minutes, and 2 hours. 
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Fig 28.  R. denitrificans cycle threshold in the P. aeruginosa-R. denitrificans-S. arenicola 
co-culture, second run.  Solo-culture (P-Solo), the  control; co-culture after 0 minutes, 
30 minutes, and 2 hours. 
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Table 22.  Data graphed in (Figures 27 and 28).  
 
Ct Ct s.d. expr expr s.d. Ct Ct s.d. expr expr s.d.
R-Solo * 24.08 0.333  1.00 0.373    25.20 0.409  1.00 0.407    
0 min 26.30 0.152  0.00 0.001    23.81 0.833  0.06 0.033    
30 min 24.00 0.467  0.30 0.102    24.39 -     0.49 0.061    
2 hr 23.96 0.454  0.03 0.013    24.76 0.280  0.04 0.012    
identifier BetaLact DMSP
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Fig 29.  R. denitrificans gene expression in the P. aeruginosa-R. denitrificans-S. 
arenicola co-culture, second run.  Solo-culture (P-Solo), the control automatically set to 
the expression level of one; co-culture 0 minutes, 30 minutes, and 2 hours. 
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Fig 30.  R. denitrificans cycle threshold in the P. aeruginosa –R. denitrificans – S. 
arenicola co-culture, second run.  Solo-culture (P-Solo), the control; co-culture after 0 
minutes, 30 minutes, and 2 hours. 
 
Table 23.  Data graphed in (Figures 29 and 30). 
Ct Ct s.d. expr expr s.d. Ct Ct s.d. expr expr s.d.
R-Solo * 24.65 0.210  1.00 0.186    24.22 0.188  1.00 0.175    
0 minutes 24.92 0.058  0.03 0.003    23.75 0.134  0.04 0.006    
30 minutes 24.58 0.251  0.03 0.005    24.72 0.199  0.02 0.003    
2 hours 24.58 0.251  0.03 0.005    24.63 0.184  0.02 0.003    
identifier BetaLact DMSP
 
R. denitrificans’ secondary metabolite genes, BetaLact and DMSP are repressed in this 
co-culture throughout all three time points (Figures 27, 28, 29, and 30).  There was a 
slight rise in gene expression of both secondary metabolite genes in the co-cultures at 30 
minutes (Figure 41), but the gene expression level never surpasses that of the solo-
culture. 
 
 
 
 
  62   
S. arenicola in Solo and Co-Cultures 
 
 In the S. arenicola solo culture the housekeeping gene and one of the secondary 
metabolite genes, ROK family protein attached to their primers and showed gene 
expression in the qPCR (this is represented by the Melting Curves in Appendix 4).  On 
the other hand, in all of the S. arenicola co-cultures no gene expression for the chosen 
secondary metabolites was observed.  Since the primer did not attach to any genes in the 
co-cultures S. arenicola data is equivocal.  It is not safe to say that S. arenicola did not 
feel threatened by or had no need to produce the secondary metabolite.  
Summary of qPCR Results 
 Table 24. Summary of qPCR results for samples in Run 1.  Changes in gene level 
 expression  in relation to the control set to 1. 
 
0 minute time point - Run 1
RdhA PhzH BetaLact DMSP
P. aeruginosa - R.denitrificans 0.07 0.01 0.2 0.13
P. aeruginosa - S. arenicola 0.03 0.04 / /
R. denitrificans - S. arenicola / / 4.01 2.79
P. aeruginosa - R.denitrificans - S. arenicola 0.46 0 0 0.06
30 minute time point - Run 1
RdhA PhzH BetaLact DMSP
P. aeruginosa - R.denitrificans 0.27 0.03 2.07 2.56
P. aeruginosa - S. arenicola 0.14 0.01 / /
R. denitrificans - S. arenicola / / 0.12 0.06
P. aeruginosa - R.denitrificans - S. arenicola 0.71 0 0.3 0.49
2 hour time point - Run 1
RdhA PhzH BetaLact DMSP
P. aeruginosa - R.denitrificans 0.27 0.27 0.1 0.3
P. aeruginosa - S. arenicola 0.16 0.01 / /
R. denitrificans - S. arenicola / / 0.03 0.05
P. aeruginosa - R.denitrificans - S. arenicola 1.06 0.01 0.03 0.04
P. aeruginosa R. denitrificans
P. aeruginosa R. denitrificans
P. aeruginosa R. denitrificans
 
 
Rise in Gene Expression Level
Fall in Gene Expression Level
/ Not Applicable
Key
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Table 25. Summary of qPCR results for samples in Run 2.  Changes in gene level 
 expression in relation to the control set to 1. 
 
0 minute time point - Run 2
RdhA PhzH BetaLact DMSP
P. aeruginosa - R.denitrificans 0.05 0.01 0.13 0.62
P. aeruginosa - S. arenicola 0.15 0.03 / /
R. denitrificans - S. arenicola / / 5.95 2.66
P. aeruginosa - R.denitrificans - S. arenicola 0.25 0.01 0.03 0.04
30 minute time point - Run 2
RdhA PhzH BetaLact DMSP
P. aeruginosa - R.denitrificans 0.24 0.03 1.56 1.88
P. aeruginosa - S. arenicola 0.14 0.06 / /
R. denitrificans - S. arenicola / / 0.05 0.13
P. aeruginosa - R.denitrificans - S. arenicola 0.53 0.01 0.03 0.02
2 hour time point - Run 2
RdhA PhzH BetaLact DMSP
P. aeruginosa - R.denitrificans 0.56 0.25 0.17 0.24
P. aeruginosa - S. arenicola 0.19 0.02 / /
R. denitrificans - S. arenicola / / 0.04 0.03
P. aeruginosa - R.denitrificans - S. arenicola 0.86 0.07 0.03 0.02
P. aeruginosa R. denitrificans
P. aeruginosa R. denitrificans
P. aeruginosa R. denitrificans
 
 
Rise in Gene Expression Level
Fall in Gene Expression Level
/ Not Applicable
Key
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Discussion 
 
Patterns seen in P. aeruginosa and R. denitrificans co-cultures 
 
 In the P. aeruginosa co-culture (all co-cultures involving the bacteria P. 
aeruginosa) there are some patterns seen in both the RdhA and PhzH secondary 
metabolite genes throughout the different sample conditions. 
 Secondary metabolite gene RdhA shows more expression level changes 
throughout the different co-cultures compared to the other P. aeruginosa secondary 
metabolite gene PhzH.  At the 2 hour time point in the P. aeruginosa-S. arenicola co-
culture RdhA comes close to being expressed (Run 2), and is expressed slightly more than 
it’s gene expression level in solo-culture (Run 1).  
 The secondary metabolite gene PhzH is suppressed throughout all tested sample 
conditions.  The expression level of this gene rises and falls throughout the different time 
points, but the secondary metabolite gene PhzH never shows a higher expression level 
when compared to its solo-culture. 
 In the R. denitrificans co-cultures (all co-cultures involving the bacteria R. 
denitrificans) there are patterns observed in both secondary metabolite genes, BetaLact 
and DMSP.  These secondary metabolite genes belonging to this strain of R. denitrificans 
shows the most gene level expression response to different sampling conditions.  Both 
secondary metabolite genes are expressed at higher levels than any other gene looked at 
in this research.  One major pattern observed in the R. denitrificans co-cultures is that 
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both genes seen to follow each others rise and fall of expression levels throughout all 
time periods.  
 
Reasons for no secondary metabolite gene expression level in S. arenicola co-cultures 
 
  Some reasons for the no gene expression in the co-cultures is that other two 
bacteria combined with S. arenicola over grew it, or started to kill the organism.  Another 
more likely reason was that the proper growth conditions were probably not fully met 
through the co-culturing process. 
 S. arenicola which is an actinomycete are well known for their ability to produce 
many bioactive secondary metabolites, but need the correct nutritional and 
physicochemical factor to produce them.  These nutritional and physicochemical factors 
greatly affect the “relationship between growth and secondary metabolism, the 
expression of genes encoding secondary metabolite synthetases and extracellular 
proteins, the activities of these enzymes, and the export of products into the medium,” 
(Votruba and Vanek, 1989).   Some of these factors include pH level, nutrient content of 
media, dissolved gas such as oxygen or carbon dioxide, temperature, agitation, and 
viscosity (Votruba and Vanek, 1989).  
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Reasons for expression or repression in co-cultures with P. aeruginosa and R. 
denitrificans 
 
 Both P. aeruginosa and R. denitrificans are known as competitive microbes, each 
being noted for their ability to out compete and kill other microorganisms.  This is one 
possible reason for the repression of gene expression levels seen through the co-cultures.  
The spike in gene expression of R. denitrificans in the P. aeruginosa-R. denitrificans co-
culture can be due to the fact R. denitrificans reacting to the presence of a new organism.  
Here it can be preparing itself to fight off the new threat.  Since both strains of bacteria 
are probably found together in marine environments another possible reason for the 
observed repression of gene level expression the P. aeruginosa-R. denitrificans co-
culture is that the two bacteria are not threatened by one another and the need to produce 
high amounts of secondary metabolites is not necessary and they are purposefully not 
killing each other. 
 R. denitrificans also shows a spike in secondary metabolite gene expression in the 
R. denitrificans-S. arenicola co-culture immediately after the mixing process took place.  
Once the second time point reading of this particular co-culture was completed, the R. 
denitrificans secondary metabolite gene expression went to a repressed level. 
Again, this could either mean that R. denitrificans is simply reacting to its new 
environment or that it is getting ready to fight the new organism is senses just incase it 
starts competing with it.    
 R. denitrificans shows the most change in secondary metabolite gene expression 
levels throughout this whole study, but the secondary metabolite genes chosen for this 
organism are not needed in high levels when in these particular co-cultures.  The 
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secondary metabolite metallo-beta-lactamase is used by R. denitrificans to break apart the 
beta-lactam ring of certain antibiotics such as penicillin, and the DMSP lyase gene is 
used to create DMS from DMSP.  There were no factors present in the co-cultures to 
make these secondary metabolites necessary so if these two genes were expressed in 
higher amounts than in the solo-culture it could show the possibility that all secondary 
metabolite genes of R. denitrificans  were expressed higher in the co-cultures including 
those used for defense against other organisms. 
 The reason most likely causing the change in gene level expression change 
throughout co-cultures can be do to gene-gene signals taking place within each individual 
bacteria, as well as chemical signals (quorum sensing) released by bacteria that then 
causing the other bacteria in the co-culture to react.   
 
Gene regulation in bacteria-Quorum Sensing 
 
 Throughout the past decade it has become increasingly recognized that bacteria 
are colonial organisms capable of intercellular communication used to facilitate their 
adaptations to changing environmental conditions rather than existing as solitary cells 
(Whitehead et al., 2001).  Bacteria communicate with each other in a process known as 
“quorum sensing” (Keller and Surette, 2006).  Quorum sensing in when bacteria 
communicate through chemical signals that are excreted from cells and bring forth 
physiological changes (Keller and Surette, 2006); this relies on the population density of 
the producing organism (Whitehead et al., 2001).    The process of quorum sensing is the 
controlling factor of gene expression in response to cell density and is used by both gram- 
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positive and gram-negative bacteria (Bassler, 1999).  Not only are these chemical signals 
giving off by bacteria for cooperation between other species and their own, but can be 
used to cause conflict within and between different species (Keller and Surette, 2006).   
 Though my research focused strictly on gene expression level of different 
mixtures of bacteria, studies on quorum sensing can help give a better understanding as to 
how and why bacteria react when the chemical substances (Keller and Surette, 2006) of 
these secondary metabolites are produced and released into the surrounding environment. 
 Marine bacteria are constantly faced with many different environmental changes 
including pH level, temperature, and nutrient availability (Whitehead et al., 2001).   To 
adapt and survive these ever-changing environmental situation microbes are able to adapt 
by the activation or repression of different target genes (Whitehead et al., 2001).   
 It was once thought to be a rarity and restricted to few microorganisms that 
bacteria had the ability to “perceive and respond to the presence of neighboring microbial 
population,” (Whitehead et al., 2001).  Now it is evident that a wide range of these 
organisms have this ability and it plays a major role allowing bacteria to make “complex 
community structures,” (Bassler, 1999).  
 Quorum sensing is used by bacteria to coordinate many different behaviors 
(DeLong, 2005), including expression or repression of secondary metabolites.  Microbes 
produce cells called auto-inducers (signaling molecules) which diffuse through the 
bacteria’s cell membrane and enter into the surrounding environment (Schwarz et al., 
2008).  If there is a high concentration of bacteria in a particular environment the 
concentration of auto-inducers becomes elevated and then a special gene will be activated 
which then causes more auto-inducers are produced (Schwarz et al, 2008).  The 
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production of these auto-inducers will change the bacteria’s behavior and control the 
population density (Miller and Bassler, 2001).  
 A reason for the repression of gene level observed in the P. aeruginosa genes can 
be caused by an interruption in the bacteria’s quorum sensing abilities due to a dilution of 
the bacteria.  When the two solo-cultures are mixed together during co-culture each 
bacterium is being diluted into the other bacteria.  This causes the density of the P. 
aeruginosa to dilute and not be able to communicate with on another via chemical 
signaling (quorum sensing) because of the drop in density of that particular species. 
 
Troubleshooting & Ideas for Further Research 
  
 After researching and working with the three chosen bacterial strains it was 
realized that S. arenicola should have been the main focus of my study, or not included at 
all.  S. arenicola is an Actinomycete and was very difficult to grow in this particular 
laboratory setting. Once the culture was growing it then took about eight days for the 
bacteria to reach log phase which was when the bacteria were to be co-cultured.  The 
bacteria taking eight days to get reach log phase was hard to keep track of; being a 
student without a tuition wavier I had to work off campus and was not able to come in 
everyday to take readings of my S. arenicola cultures.  Lab mates helped by doing 
readings once a day and e-mailing them, but no matter how it was timed the very 
beginning or very end of S. arenicola’s log phase was missed.  This could have lead to 
results not consistent or relevant to what was trying to be tested.  If the cultures were not 
added exactly at log phase the other bacteria co-cultured with it could have overpowered 
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S. arenicola or S. arenicola could have overgrown the other bacteria if it was already into 
its log phase.  In the future it would be a good idea to do a whole study strictly on S. 
arenicola’s secondary metabolites, taking cell density readings every hour since the other 
two bacteria are easier to manipulate.   
 As stated earlier chemical signaling is how bacteria communicate with one 
another either for cooperation or conflict (Keller and Surette, 2006).  It would be helpful 
to see if the bacterial solo-cultures and co-cultures used were expressing their secondary 
metabolites chemically through analysis of the media.   If this is every completed we 
would be able to see the different quantities of that particular chemical being produced 
and compare the amount among all of the solo and co-cultures completed in my research.  
In the future this can be done by sending samples to another institution.  Both solo-
cultures and co-cultures used in my studies have been stored in the laboratory’s freezer to 
do this at a later time. 
 Another study that can be completed is an experiment to check if the bacteria, 
both in solo cultured and co-cultures are growing in the marine broth cultures.   The two 
ways to complete this is to visualize them by using FISH (Florescent In-situ 
Hybridization) and then view them under the microscope, or two make serial dilutions 
which would allow one to identify and count the different species used on a plate.  If 
using the serial dilution method, selective media would most likely have to be used.  
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Summary and Conclusions 
 Secondary metabolite production is an important aspect of marine microbial 
biology, and though there has been research completed on the types of secondary 
metabolites produced in bacteria grown in solo-cultures no papers have been found on 
secondary metabolite production in co-cultured bacteria. 
 Quantitative Real-Time PCR (qPCR) is a highly sensitive technique used to 
measure gene expression level changes in organisms over different experimental 
conditions.  Difference in gene expression levels of secondary metabolites have been 
observed in co-cultures of P. aeruginosa, R. denitrificans, and S. arenicola CNS-205 
compared to their growth in solo-cultures.  This indicates that growing marine bacteria 
together has an effect on their production of secondary metabolites and can affect the way 
in which microbes survive and interact with one another when living in the same 
environment. 
 This study is to act as a baseline for further studies on secondary metabolite 
production of marine microbes in and ecological and/or biotechnological standpoint. 
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Appendix  
 
Appendix 1 
 
1. Modified SYBR Green Protocol Set-Up 
 12.5µl of SYBR Green 
 9.5µl of dH2O 
 1µl of cDNA 
 2µl of forward & reverse primer mix 
 Total Volume = 25µl 
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Appendix 2 
P. aeruginosa & R. denitrficansGrowth Curves
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Figure 1. Growth Curves of P. aeruginosa and R. denitrificans grown in marine broth. 
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Figure 2. Growth Curve of S. arenicola grown in marine broth . 
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Appendix 3. Gene Sequences using in Study 
Housekeeping gene Sequences 
P. aeruginosa - DNA directed RNA polymerase alpha 
User Entered, 1002 bp 
>gi_110227054:4754423-4755424 Pseudomonas aeruginosa PAO1, complete geno 
TCAGGCAGTGGCCTTGTCGTCTTTCTTAAGACTTGCCGGCGGCCAGTTATCGAGGCGCATACCGAGGGAC 
AGACCACGGGAAGCCAGAACGTCCTTGATTTCGGTCAGGGACTTCTTGCCCAGGTTCGGCGTTTTCAACA 
GTTCCACTTCGGTGCGCTGGATCAGGTCACCGATGTAGTAGATGTTTTCCGCCTTCAGGCAGTTGGCCGA 
ACGTACGGTCAGTTCCAGGTCATCGACCGGGCGCAGGAGGATCGGATCGATCTCGTCTTCCTGCTCTTCA 
ACGACGGGTTCGCTGTCGCCCTTGAGGTCCACGAACGCTGCCAGCTGCTGTTGCAGGATGGTAGCGGCGC 
GACGGATAGCCTCTTCGGGATCCAGAGTGCCGTTGGTTTCCAGGTCCAGGACCAGTTTGTCCAGGTTGGT 
GCGCTGCTCGACACGGGCGTTTTCCACCACGTAGGAGACACGACGGACCGGGCTGAACGATGCGTCGAGC 
TGCAGACGGCCGATGCTGCGGCTTTCGTCTTCATCGCTCTGACGTGCGTCGGCAGGCTCGTAGCCACGGC 
CACGAGCTACCTTCAGCTTCATGTTCAGCGCGCCGTTGTCTGCCAGGTTGGCGATAACGTGGTCACCGTT 
GATGATCTCAACATCGTGATCCAGCTGAATATCGGCAGCAGTCACAACACCCGAGCCCTTCTTAGCCAGG 
GTCAGCGTCACTTCATCACGACCGTGCAGCTTGATGGCCAGACCTTTCAGGTTCAGCAGGATCTCGATTA 
CATCTTCCTGCACACCTTCGATCGCCGAGTACTCGTGGAGTACGCCGTCGATCTCGGCCTCGACCACTGC 
GCAGCCAGGCATGGAGGACAACAGGATGCGACGCAGCGCGTTGCCCAGGGTGTGACCAAAACCACGCTCG 
AGAGGCTCGAGCGTGATCTTGGCGCGGGTTTGACTGACCACCTGCACATCGATGTGGCGGGGGGTCAGGA 
ACTCATTTACCGAACTCTGCAT 
 
R. denitrificans - DNA directed RNA polymerase alpha 
User Entered, 1029 bp 
>gi_109453537:1366413-1367441 Roseobacter denitrificans OCh 114, complet 
ATGGAGGGACGCATGATCCACAAGAACTGGGCTGAATTGATCAAGCCGCAACAACTTGACGTCAAACCGG 
GCAATGATCCGGCACGTCAGGCAACCGTCACGGCGGAACCGCTGGAGCGCGGCTTTGGCCTGACCATGGG 
CAACGCGCTGCGTCGTGTTCTGATGTCGTCGCTGCAGGGGGCCGCGATCACCTCTGTGCAGATCGACAAT 
  83   
GTATTGCACGAGTTTTCATCGGTGGCCGGTGTGCGGGAAGACGTCACTGACATCATCCTGAACCTCAAGG 
GCGTTTCCATCCGTATGGAAGTCGAAGGGCCAAAGCGGCTGTCGATCTCCGCCAAGGGGCCGGGTGTTGT 
GACTGCTGGTGACATTTCGGAATCTGCGGGCATCGAAATCCTGAACCGGGATCATGTGATCTGCCACCTT 
GATGACGGTGCCGACGTTTACATGGAACTGACCGTCAATCAGGGTAAAGGCTATGTTTCTGCCGAAAAGA 
ACAAGCCAGAGGACGCACCCATTGGCCTGATCCCGATTGATGCGATCTATTCGCCGGTCAAGAAGGTCAG 
CTATGACGTGCAACCGACCCGCGAAGGTCAGGTGCTGGATTATGACAAGCTGACCATGAAGGTCGAAACC 
GATGGGTCACTGACGCCGGATGATGCGGTGGCGTTCGCCGCGCGCATTCTGCAGGACCAGCTGGGCATCT 
TCGTCAACTTCGAAGAGCCTGAATCCGCCTCCCGCGCGGATGAGGACGACGGTCTGGAGTTCAACCCGCT 
GCTGCTCAAGAAAGTGGACGACTTGGAACTGTCGGTACGTTCTGCAAACTGTCTGAAGAATGACAACATC 
GTCTACATCGGTGATCTCATTCAGAAGACCGAAGCGGAGATGCTGCGCACGCCGAACTTTGGGCGTAAGT 
CGCTCAATGAGATCAAGGAAGTGCTCTCGGGCATGGGTCTGCATCTCGGCATGGACGTCGAGGACTGGCC 
GCCGGACAACATCGAAGACCTGGCCAAGAAATTCGAAGACTCTTTCTAA 
 
 
S. arenicola - DNA directed RNA polymerase alpha 
User Entered, 1023 bp 
>gi_157914509:4861451-4862473 Salinispora arenicola CNS-205, complete ge 
TTACAGCTGCTCAGTCTCGCGGTAGTCCTCGGTGTCGTAGTCAGCCTCACCGAAGGCGTCCACGACGTTC 
GCCGGGTCGAAGTTCGGGGCCGAGTCCTTCAGCCCCAGTCCCATCCCGGCGAGCTTCATCTTGACCTCGT 
CGATCGACTTCTGACCGAAGTTACGGATGTCGAGGAGGTCAGCCTCGGTACGCCCGATGAGCTCACCAAC 
GGAGTTGATGCCCTCGCGCTTGAGGCAGTTGTAGGAGCGGACGGTGAGGTCCAGCTCCTCGATCGGCAGC 
GCCAGGTCCGCCGCCAGCTGGGCGTCCTGCGGGGACGGCCCGATGTCGATACCCTCCGCGGTCTCGTCCA 
GCTCGCGGGCCAGGCCGAAGAGTTCGACCAGCGTGGAGCCGGCCGAGGCCAGGGCCGTACGTGGCCCCAT 
CGACGGCTTGGACTCGACGTCGATGATCAGCCGATCGAAGTCGGTCCGCTGCTCGACTCGGGTCGCCTCG 
ACCCGGTAGGTGACCCGCAGTACCGGTGAGTAGATCGAGTCGACCGGGATCCGACCGATCTCGGCGCCGG 
CCTGCTTGTTCTGCGCCGCGGTGACGTAACCACGGCCCCGCTCGACGGTCAGCTCCATGTCGAGCCGGCC 
CTTACCGTTCAGGGTGGCGAGCTTCAGGTCCGGGTTGTGTACCGAGACACCGGCCGGGGGCTGGATGTCA 
CCCGCGGTCACGTCACCCGGGCCCTGCTTGCGCAGGTACATGCTGACCGGCTCGTCATGCTCGGAGCTGA 
CGCACAGCTCCTTGATGTTCATGACGAGTTCGACCACATCCTCCTTGACCCCCGGGATCGTGGTGAACTC 
GTGCAGCACACCATCGATCTTGATCGAGGTCACCGCCGCGCCGGGAATGGACGACAGCAGCGTCCGGCGC 
AGCGAGTTGCCCAGGGTGTAGCCGAAGCCGGGCTCCAGCGGTTCGATGGTGAACCGGGACCGGGTCTCGT 
TGATCGACTCCTCGGAGAGGGACGGTCGCTGGGAGATGAGCAT 
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Secondary Metabolite Sequences 
 
P. aeruginosa - rdhA 
User Entered, edited, 816 bp 
>BWB24131 
ATGTCCGTTTTCTCCGACCTGCCATTGGTGATCGAGCCCAGCGACCTCGCGCCGCGCCTGGGCGCGCCCG 
AGCTGATCCTGGTCGACCTGACCAGTGCCGCCCGCTACGCCGAAGGGCATATCCCCGGCGCGCGTTTCGT 
CGACCCCAAACGCACCCAGTGGGGACAACCCCCGGCACCCGGCCTGCTACCGGCGAAGGCCGACCTGGAA 
GCCCTGTTCGGCGAGCTGGGCCACCGCCCGGAGGCGACCTACGTGGTCTACGACGACGAAGGCGGCGGCT 
GGGCGGGCCGCTTCATCTGGCTGCTGGACGTGATCGGCCACCACCACTACCACTATCTCAACGGCGGCCT 
GCCGGCCTGGATCGCCGACGCCCAGGCGCTCGACCGCGAGGTCCCGGCGCCTGTCGGCGGCCCGCTGCCG 
CTGACGTTGCACGACGAGCCCAGTGCGACCCGCGAATACCTGCAAAGCCGCCTCGGCGCCGCCGACCTGG 
CGGTATGGGATGCGCGCAACCCCAGCGAATACGCCGGTACCAAGGTGCTCGCCGCGAAGGCCGGGCATGT 
GCCCGGCGCGATCAATTTCGAATGGACCGCCGGCATGGACCCGGCTCGCGCCCTGCGCATCCGCGCGGAT 
ATCGCCGAAGTCCTGGAGGACCTCGGCATCACGCCGGACAAGGAAGTGATCACCCACTGCCAGACCCACC 
ATCGCTCCGGCTTCACCTACCTGGTGGCCAAGGCGCTGGGCTACCCGCGGGTCAAAGGCTACGCCGGCTC 
CTGGTCGGAATGGGGCAACCACCCCGATACCCCTGTAGAGGTTTGA 
 
P. aeruginosa - PHZH 
User Entered, 1404 bp 
>BWB5872 
ATGCTGAAAAAGCTGATCCAGACCATTCGTTCCCCCCTGCGCCGTCCGCGCGCCGTCCGTACAACCCCGG 
AAGTCATCGGTAACAACCAGCACTCCCTGCGCCGGGACCAGTTCAGCCGGAACGCCGTCAAGGTCGTCGA 
GATCCTCCAGCGGGCCGGCTACCAGGCCTACGTGGTCGGGGGCTGCGTACGCGACCAGATGCTCGGCATC 
GCTCCCAAGGACTTCGATGTCGCCACCAGCGCCACGCCGGAGCAGGTCCGCGCCGAATTCCGCAACGCGC 
GGATCATCGGCCGCCGCTTCAAACTGGTACACGTGCACTTCGGCCGCGAGATCATCGAGGTCGCCACCTT 
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CCGCGCCCATCATCCGGAAGGCCAGGACGATGGCGATAGCCGCGCGTCCAGCAACGAAAGCGGCCGCATC 
CTGCGCGACAACGTCTATGGCAGCCTGGAAGACGACGCCCAGCGCCGCGACTTCACCATCAATGCCCTGT 
ACTTCGACGTCACCAGCGAGCGGCTGCTGGACTACGCCAATGGCGTTCACGACATCCGCAATCGCCTGAT 
CCGCCTGATCGGCGATCCGGAGCAGCGTTATCTGGAAGACCCGGTGCGGATGCTGCGGGCGGTACGTTTC 
GCCGCCAAGCTCGACTTCGAGATCGAGAAGCACAGCGCCGCGCCGATTCGCCGGCTGGCCCCGTTGCTGC 
GGGAAATCCCTTCGGCGCGCCTGTTCGACGAGGTGCTCAAGCTGTTCCTCGCCGGCCGGGCCGAGCGCAC 
TTTCGAGCTGCTGGTCGAGTACGAACTGTTCGCGCCGCTGTTCCCGGCCAGCGCCAAGGCACTGCAGGCC 
AACCCCGACTACACCGGCAAGCTGATCCGCCAGGCCCTGGCCAATACCGATGCGCGAATTCGCCAGGGCA 
AGCCGGTAACCCCGGCCTTCCTCTTCGCCGCACTGCTCTGGCCGGCCCTGCCGGCACGCGTCGCGCAGTT 
GCAGGAGAAAGGCATGCCGGCCATCCCGGCGATGCAGGAAGCCGCCCACGAACTGATCAGCGAACAGTGC 
CAGCGGATCGCCATTCCCAAGCGTTTCACCCTGCCGATCCGCGAGATCTGGGATATGCAGGAACGTCTGC 
CGCGACGCCAGGGCAAGCGCGCCGACCTGCTCCTGGAAAACCCGCGCTTCCGCGCCGGCTACGACTTCCT 
CCTGCTGCGCGAAAGTGCCGGCGAGGAAACCGAAGGACTCGGCCAATGGTGGACCGATTACCAGGAAGTC 
AGCGACAGCGAGCGGCGCAACATGATCCGCGACCTGGTCAGCCAGGAAGACGGCAGCGCCCCGCGCAAGC 
GTCGCCGCGGCGGCAACAGCGGCCGTCGGCGCCGCGGGCCGCGCAAGGAAGGCAGCGGCGGAAGCGGCGA 
ATGA 
 
 
R. denitrificans - metallo-beta-lactamase family protein 
User Entered, 945 bp 
>gi_109453537:1444780-1445724 Roseobacter denitrificans OCh 114, complet 
CTATTCGAACTCCATCTGCTCAAAGACGCGACCTGCGTTCTTGGTTGCCAGTTCTTCGAATGTGTCCAGA 
TGCGCATAGGGTGACTGATCAACATAATAGGCTTCGGCAAGACCGCCGCCTTCCTCCAGAAGCGCCCCGA 
TCTGCCCGCGCAAGAACACGAGGTAATCGAGGGTATAGCGGCGCACCTGATCCATATTTGTCGGATGGCC 
GTGACCGGGAATGACATAGGTCGCGGCGAGGGGTTCGAATTCAGTTTCCCATGTCTCAATCCACTCTGCG 
GTCATTGTATCTTCAAAGATCGGCAGCATGCGTTCGTGAAAGGCCATGTCGCCGGAAATCACCATGCTTT 
GCTGCGGTAGCCATACGATGATATCGCCCGGACTATGCGCGGGACCAAGGTAGCGCGCCTCGATCTGCAT 
GCCGCCCATCTCAACGGTGTAACTGTCCTCAAAAGTGATCGACGGGGCGGCAAGCCAGGTTTTATCCGCC 
CGTTCCCTGACCCGCGCGATGGCGGCTTGCAAAGAGGCATCGCCATTCTCCTCAAACGCTGCGGCCGCGT 
CCACATGTGCCACGATATCGACGCCAAGGTCGGCCCAATACGAATTGCCCAGCATCGCGTGGCCCTGACC 
GTTTTCGTTGATCACCAGTTTGACCGGCTGATCCGTCACGGCTTTGATCTCGGCATGAAGCGCCTCGGCC 
AGCAGATAGGAGGCGCCCGCGTTGATCACCACCACGCCGTCGCCGGTGACAATAAAGCTGAGGTTGTTGT 
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TATGGCCTGCGTTTTCGTAGGTGGGCGGGGCGGTCGCACCGATCGCCGAAAACACGTGCGGAATGACCTC 
GACCGGTTTGGCATAGAGCATCGAGGCGGGGTACTGATCGGGGATGTCTTCGCTGGCCATCACCGGACCA 
CACAGCAAAGCGAGTGCGAGGCTTGCGTGTTTCAT 
 
S. arenicola - ROK family protein - streptomycin 
User Entered, 963 bp 
>gi_157914509:320761-321723 Salinispora arenicola CNS-205, complete geno 
TCATGGCTTCTCCAGGTCGTCGAGGGCGAGCAGGGCGGCGCCAAGGCAGCCAGCCTCGGCGCCGAGGGCC 
GCCGGGACCAGCCGTGGCTCGCGGTGGAAGGTCATCCGATCGTGCAGCGCGGCCCGCAGCGGGTCGAGCA 
GCTGGGCGCCGGCTCGGGCCAGCCCGCCGCCCAGGACGACCGCCTCCACGTCGAAGAGGGCCTGGCCGGT 
GGCGAGGCCGTCGGCGAGTGCCTCGACCGCGTCCGTCCAGACCTGCTGGGCCAGCGGATCACCGGCGGCG 
GCGCGGGTGGCCACCTCGGCCGCGCTCGCCTCCGGTGCGTCGGGGGCGGTGCTGGCCAGCTCCGCGTAGC 
GGCGGGCGACCGCCGAGGCGGACGCGACCGCCTCCAGGCATCCGTCGCGCCCGCAGCCGCACCGTGGGCC 
GCCGGGACGGACCAGGACGTGGCCGAGCTCCCCGGCAGCGCCGTGCGCGCCGGCCGCCGCCGCGCCATCG 
ATCACATGGGCGGCGGCAATGCCGGTGCCGATGGCGACGAAGAGGACGTGCCGGGCGGAGCGGCCGGCTC 
CGAGCCGTGCCTCGGCGAGGCCGCCGACGCGTACGTCGTGGCCGAGCGCCGCCGGCATCCCCAGCCGCGC 
CGCAGCCAGCTTCCGTAGGGGTACGTCGCGGAAGCCGATGTTCGCCGACCAGATAGCCACGCCCTGCGCC 
TCGTCGATGACGCCCGGGACGGCGAGGCCGAGGGCCACCGGGGCGAGTCCTTCCCGGCGGGCCGTGTCGG 
CCAGGGCCTCGGCGACGTCCAGGATGGTGTCGATCACCGCGGCCGGACCGCGCGCGGCGCCGGTCAGGTG 
GTGTTCGGTGTGCGTGACCGTGCCGTCCCGGCGGACCAGGGCGCACTTCATCCCGCTGCCGCCGACGTCG 
AGTGCGACGACGACCTCACGGTCCGCCGCACTGGTCGTGGCTGCGTGGCCCAC 
 
S. arenicola - DUF62 - salL 
User Entered, 786 bp 
>BWB23074 
TCAGCCGGCGGTGACGCGGAGCTGGTCTCCCGGCGTCACCGCGAGCAGGTCGGCGGCCCGGCCACCGTTG 
ACCGCGACCGCGACCAGGCCGGCCGAGTCCACGTGCACCAACAGCCCTCCCGGCGGTGCGTCGTCGAACG 
TTCGGGCGTGCACCGCCGGCCGGTGCGCGACCCGAAGTGACCGGGGTAGTGATTCCAGCAGGGCGCCCGT 
CGCCGCGAGCTGCACGTTGCCGAAGTGGTCCACGGTCAGCACCTCGGCGGTGAACCCGTCGGTCTCCGGT 
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TGGACCAGCGGGGTCGGCAGCCGGACCAGGGCACCCGGTTCGACGGCCGGGCCGGCGTCGGCGAGCGGCG 
CACCGAGCGCCAGCCGGGCCGCGACCGGCGCGAAGACGTCCCGGCCGTGAAAGGTCGCGGACATCCGTGC 
CCCGAGCCAGTCCGGGTTCGTCAGCTCCACCGCGGCGTCCACCCCGCCGAGCGCCGTCGCCGCGTCCAGC 
AGCAGCCCGTTGTCCGGCCCGACCAGCAGTCCGTTCCCGGCGGTGAGGGCGATCGCCCGGCGGGCCGTGC 
CCACGCCGGGGTCGACCACGGCGACGTGGACGGCCGCCGGCAGGTACGGCACGGTCTGCGCCAGCACCGC 
CGCGCCGCGCCGGACGTCGCCGGGTGGGACCAGGTGGGTCACGTCGATCACCCGGGCGGTGGGCGCCAGC 
CGGGCAAGCACTCCGTGGCAGGCGGCTACGAAGCCATCGGCGAGGCCGTAGTCGGTGGTGAAGGAGATCC 
AGGGCGTCGACGCCAT 
 
Sequencing Results of cDNA PCR Products 
P. aeruginosa - DNA directed RNA polymerase alpha 
 
gb|AE004091.2| Pseudomonas aeruginosa PAO1, complete genome 
Length=6264404 
 
 Features in this part of subject sequence: 
   DNA-directed RNA polymerase alpha chain 
 
 Score =  128 bits (69),  Expect = 1e-30 
 Identities = 82/90 (91%), Gaps = 1/90 (1%) 
 Strand=Plus/Plus 
 
Query  2        CACTTCGGTGCGCTGGATCANGTC-CCGATGTANTANATGTTTTCCGCCTTCACGCAGTT  60 
                |||||||||||||||||||| ||| |||||||| || |||||||||||||||| |||||| 
Sbjct  4754567  CACTTCGGTGCGCTGGATCAGGTCACCGATGTAGTAGATGTTTTCCGCCTTCAGGCAGTT  4754626 
 
Query  61       GGCCCAACGTACGGTCAATTCCAGGNCATC  90 
                |||| |||||||||||| ||||||| |||| 
Sbjct  4754627  GGCCGAACGTACGGTCAGTTCCAGGTCATC  4754656 
 
P. aeruginosa - rdhA 
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gb|AE004091.2| Pseudomonas aeruginosa PAO1, complete genome 
Length=6264404 
 
 Features in this part of subject sequence: 
   thiosulfate:cyanide sulfurtransferase 
 
 Score =  154 bits (83),  Expect = 2e-38 
 Identities = 87/89 (97%), Gaps = 1/89 (1%) 
 Strand=Plus/Plus 
 
Query  1        ACCTGGTGGNC-AGGCGCTGGGCTACCCGCGGGTCAAAGGCTACGCCGGCTCCTGGTCGG  59 
                ||||||||| | |||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  5562317  ACCTGGTGGCCAAGGCGCTGGGCTACCCGCGGGTCAAAGGCTACGCCGGCTCCTGGTCGG  5562376 
 
Query  60       AATGGGGCAACCACCCCGATACCCCTGTA  88 
                ||||||||||||||||||||||||||||| 
Sbjct  5562377  AATGGGGCAACCACCCCGATACCCCTGTA  5562405 
 
P. aeruginosa - PHZH 
gb|AE004091.2| Pseudomonas aeruginosa PAO1, complete genome 
Length=6264404 
 
 Features in this part of subject sequence: 
   potential phenazine-modifying enzyme 
 
 Score =  300 bits (162),  Expect = 4e-82 
 Identities = 169/173 (97%), Gaps = 2/173 (1%) 
 Strand=Plus/Plus 
 
Query  1      TGCTGCTCG-ACGC-NNGATCGCCTGAGCATGTGCAACGGCCTGGAGGTGCGGGTGCCCT  58 
              ||||||||| ||||   ||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  67711  TGCTGCTCGAACGCAAGGATCGCCTGAGCATGTGCAACGGCCTGGAGGTGCGGGTGCCCT  67770 
 
Query  59     ACACCGACCATGAGCTGGTGGAGTACGTCTACAACGTGCCCTGGTCGATCAAGAGCCGGG  118 
              |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
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Sbjct  67771  ACACCGACCATGAGCTGGTGGAGTACGTCTACAACGTGCCCTGGTCGATCAAGAGCCGGG  67830 
 
Query  119    ACGGCGAGGAGAAGTGGCTGCTCAAGCGGGCCTGCGCCGACTATGTCCCGGAA  171 
              ||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  67831  ACGGCGAGGAGAAGTGGCTGCTCAAGCGGGCCTGCGCCGACTATGTCCCGGAA  67883 
 
R. denitrificans - DNA directed RNA polymerase alpha 
gb|CP000362.1|Roseobacter denitrificans OCh 114, complete genome 
Length=4133097 
 
 Features in this part of subject sequence: 
   DNA-directed RNA polymerase, alpha subunit 
 
 Score =  224 bits (121),  Expect = 1e-59 
 Identities = 124/125 (99%), Gaps = 1/125 (0%) 
 Strand=Plus/Plus 
 
Query  1        GGCCGGTGTGCGGG-AGACGTCACTGACATCATCCTGAACCTCAAGGGCGTTTCCATCCG  59 
                |||||||||||||| ||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1366646  GGCCGGTGTGCGGGAAGACGTCACTGACATCATCCTGAACCTCAAGGGCGTTTCCATCCG  1366705 
 
Query  60       TATGGAAGTCGAAGGGCCAAAGCGGCTGTCGATCTCCGCCAAGGGGCCGGGTGTTGTGAC  119 
                |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1366706  TATGGAAGTCGAAGGGCCAAAGCGGCTGTCGATCTCCGCCAAGGGGCCGGGTGTTGTGAC  1366765 
 
Query  120      TGCTG  124 
                ||||| 
Sbjct  1366766  TGCTG  1366770 
 
R. denitrificans - metallo-beta-lactamase family protein 
gb|CP000362.1|Roseobacter denitrificans OCh 114, complete genome 
Length=4133097 
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 Features in this part of subject sequence: 
   metallo-beta-lactamase family protein, putative 
 
 Score =  239 bits (129),  Expect = 5e-64 
 Identities = 133/135 (98%), Gaps = 1/135 (0%) 
 Strand=Plus/Plus 
 
Query  1        TGATC-NCAGTTTGACCGGCTGATCCGTCACGGCTTTGATCTCGGCATGAAGCGCCTCGG  59 
                |||||  ||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1445418  TGATCACCAGTTTGACCGGCTGATCCGTCACGGCTTTGATCTCGGCATGAAGCGCCTCGG  1445477 
 
Query  60       CCAGCAGATAGGAGGCGCCCGCGTTGATCACCACCACGCCGTCGCCGGTGACAATAAAGC  119 
                |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1445478  CCAGCAGATAGGAGGCGCCCGCGTTGATCACCACCACGCCGTCGCCGGTGACAATAAAGC  1445537 
 
Query  120      TGAGGTTGTTGTTAT  134 
                ||||||||||||||| 
Sbjct  1445538  TGAGGTTGTTGTTAT  1445552 
 
R. denitrificans – DMSP Lyase 
gb|CP000362.1| Roseobacter denitrificans OCh 114, complete genome 
Length=4133097 
 
 Features in this part of subject sequence: 
   conserved hypothetical protein 
 
 Score =  115 bits (62),  Expect = 4e-27 
 Identities = 66/68 (97%), Gaps = 1/68 (1%) 
 Strand=Plus/Plus 
 
Query  6        GTCCCAGANCTGTCACATCTTGCCTGAGCTACTGTCAGACCCGCAGTCCGATCTCATGTC  65 
                |||||||  ||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  3739483  GTCCCAG-CCTGTCACATCTTGCCTGAGCTACTGTCAGACCCGCAGTCCGATCTCATGTC  3739541 
 
Query  66       GCATCTGG  73 
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                |||||||| 
Sbjct  3739542  GCATCTGG  3739549 
S. arenicola - DNA directed RNA polymerase alpha 
 
gb|CP000850.1|Salinispora arenicola CNS-205, complete genome 
Length=5786361 
 
 Features in this part of subject sequence: 
   DNA-directed RNA polymerase, alpha subunit 
 
 Score =  182 bits (98),  Expect = 2e-46 
 Identities = 98/98 (100%), Gaps = 0/98 (0%) 
 Strand=Plus/Plus 
 
Query  1        TCGGGGCCGAGTCCTTCAGCCCCAGTCCCATCCCGGCGAGCTTCATCTTGACCTCGTCGA  60 
                |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  4861534  TCGGGGCCGAGTCCTTCAGCCCCAGTCCCATCCCGGCGAGCTTCATCTTGACCTCGTCGA  4861593 
 
Query  61       TCGACTTCTGACCGAAGTTACGGATGTCGAGGAGGTCA  98 
                |||||||||||||||||||||||||||||||||||||| 
Sbjct  4861594  TCGACTTCTGACCGAAGTTACGGATGTCGAGGAGGTCA  4861631 
 
S. arenicola – ROK family protein 
 
gb|CP000850.1|  Salinispora arenicola CNS-205, complete genome 
Length=5786361 
 
 Features in this part of subject sequence: 
   ROK family protein 
 
 Score = 60.8 bits (66),  Expect = 1e-09 
 Identities = 49/58 (84%), Gaps = 1/58 (1%) 
 Strand=Plus/Plus 
 
Query  3       CCTCGGT-CCGAGGGCCGCCGGGACCATCCGTGGCTCGCGTGGGATCGTCGTCCAATC  59 
               ||||||  ||||||||||||||||||| ||||||||||||  |||  ||| ||| ||| 
Sbjct  320814  CCTCGGCGCCGAGGGCCGCCGGGACCAGCCGTGGCTCGCGGTGGAAGGTCATCCGATC  320871 
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Appendix 4. 
qPCR Solo Culture C(t) and Melting Curves 
 
 
Fig 1.  P. aeruginosa housekeeping gene: run 1 (top), run 2 (bottom). 
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Fig 2.  P. aeruginosa secondary metabolite gene RhdA - : run 1 (top), run 2 (bottom). 
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Fig 3.  P. aeruginosa secondary metabolite gene PhzH - : run 1 (top), run 2 (bottom). 
 
 
 
  95   
 
 
Fig 4.  P. aeruginosa housekeeping gene - Melting Curve. 
 
 
 
Fig 5.  P. aeruginosa secondary metabolite gene RhdA Melting Curve. 
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Fig 6.  P. aeruginosa secondary metabolite gene PhzH Melting Curve. 
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Fig 7.  R. denitrificans housekeeping gene: run 1 (top), run 2 (bottom). 
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Fig 8.  R. denitrificans secondary metabolite gene metallo-beta-lactamase family protein: 
run 1 (top), run 2 (bottom). 
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Fig 9.  R. denitrificans secondary metabolite gene DMSP lyase: run 1 (top), run 2 
(bottom). 
 
 
 
Fig 10.  R. denitrificans  housekeeping gene Melting Curve. 
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Fig 11.  R. denitrificans secondary metabolite gene metallo-beta-lactamase family 
protein Melting Curve. 
 
 
 
 
 
Fig 12.  R. denitrificans secondary metabolite DddL Melting Curve. 
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Fig 13.  S. arenicola housekeeping: run 1 (top), run 2 (bottom). 
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Fig 14.  S. arenicola secondary metabolite gene ROK family protein: run 1 (top), run 2 
(bottom). 
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Fig 15.  S. arenicola housekeeping gene Melting Curve. 
 
 
 
Fig 16.   S. arenicola secondary metabolite ROK family protein Melting Curve.  In the 
co-culture of this bacteria the secondary metabolite was no present. 
 
  104   
 
 
Fig 17.  S. arenicola secondary metabolite SalL Melting Curve. There was no primer 
binding. 
 
 
qPCR Co-Culture C(t) and Melting Curves 
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Fig 18.  P. aeruginosa housekeeping gene in the P. aeruginosa-R. denitrificans 0 minutes 
co-culture: run 1 (top), run 2 (bottom). 
 
  106   
 
 
 
 
Fig 19.  P. aeruginosa secondary metabolite gene RhdA in the P. aeruginosa-R. 
denitrificans 0 minutes co-culture: run 1 (top), run 2 (bottom). 
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Fig 20.  P. aeruginosa secondary metabolite gene PhzH in the P. aeruginosa-R. 
denitrificans 0 minutes co-culture 0min/hour: run 1 (top), run 2 (bottom).  
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Fig 21.  P. aeruginosa  housekeeping gene in the P. aeruginosa-R. denitrificans co-
culture 0 minutes- Melting Curve. 
 
 
 
Fig 22.  P. aeruginosa secondary metabolite gene RhdA in the P. aeruginosa-R. 
denitrificans 0 minutes co-culture - Melting Curve. 
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Fig 23.  P. aeruginosa secondary metabolite gene PhzH in the P.aeruginosa-
R.denitrificans 0 minutes co-culture - Melting Curve. 
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Fig 24.  R. denitrificans housekeeping gene in the P. aeruginosa-R. denitrificans 0 
minutes co-culture: run 1 (top), run 2 (bottom). 
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Fig 25.  R. denitrificans secondary metabolite gene metallo-beta-lactamase family 
protein in the P. aeruginosa-R. denitrificans 0 minutes co-culture: run 1 (top), run 2 
(bottom). 
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Fig 26.  R. denitrificans secondary metabolite gene DMSP lyase in the P. aeruginosa-R. 
denitrificans 0 minutes co-culture: run 1 (top), run 2 (bottom). 
 
 
 
Fig 27.  R. denitrificans housekeeping gene in the P. aeruginosa-R. denitrificans 0 
minutes co-culture - Melting Curve. 
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Fig 28.  R. denitrificans secondary metabolite gene metallo-beta-lactamase family 
protein in the P. aeruginosa-R. denitrificans 0 minutes co-culture - Melting Curve. 
 
 
 
Fig 29.  R. denitrificans secondary metabolite DMSP lyase in the P. aeruginosa-R. 
denitrificans 0 minutes co-culture - Melting Curve. 
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Fig 30.  P. aeruginosa housekeeping gene in the P. aeruginosa-R. denitrificans 0.5 hour 
co-culture: run 1 (top), run 2 (bottom). 
 
  115   
 
 
 
 
Fig 31.  P. aeruginosa secondary metabolite gene RhdA in the P. aeruginosa-R. 
denitrificans 30 minutes co-culture: run 1 (top), run 2 (bottom). 
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Fig 32.  P. aeruginosa secondary metabolite gene PhzH in the P. aeruginosa-R. 
denitrificans 30 minutes co-culture: run 1 (top), run 2 (bottom).  
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Fig 33.  P. aeruginosa housekeeping gene in the P. aeruginosa-R. denitrificans 30 
minutes co-culture 0 minutes- Melting Curve. 
 
 
 
Fig 34.  P. aeruginosa secondary metabolite gene RhdA in the P. aeruginosa-R. 
denitrificans 30 minutes co-culture - Melting Curve. 
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Fig 35.  P. aeruginosa secondary metabolite gene PhzH in the P. aeruginosa-R. 
denitrificans 30 minutes co-culture - Melting Curve. 
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Fig 36.  R. denitrificans housekeeping gene in the P. aeruginosa-R. denitrificans 30 
minutes co-culture: run 1 (top), run 2 (bottom). 
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Fig 37.  R. denitrificans secondary metabolite gene metallo-beta-lactamase family 
protein in the P. aeruginosa-R. denitrificans 30 minutes co-culture: run 1 (top), run 2 
(bottom). 
 
 
 
  121   
 
Fig 38.  R.  denitrificans  secondary metabolite DMSP lyase in the P. aeruginosa-R. 
denitrificans 0.5 min/hour co-culture: run 1 (top), run 2 (bottom). 
 
 
 
Fig 39.  R. denitrificans  housekeeping gene in the P. aeruginosa-R. denitrificans 30 
minutes co-culture - Melting Curve. 
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Fig 40.  R. denitrificans secondary metabolite gene metallo-beta-lactamase family 
protein in the P. aeruginosa-R. denitrificans 30 minutes co-culture - Melting Curve. 
 
 
 
Fig 41.  R. denitrificans secondary metabolite gene DMSP lyase in the P. aeruginosa-R. 
denitrificans 30 minutes co-culture - Melting Curve. 
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Fig 42.  P. aeruginosa housekeeping gene in the P. aeruginosa- R. denitrificans 2 hour 
co-culture: run 1 (top), run 2 (bottom). 
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Fig 43.  P. aeruginosa secondary metabolite gene RhdA in the P. aeruginosa - R. 
denitrificans 2 hour co-culture : run 1 (top), run 2 (bottom). 
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Fig 44.  P. aeruginosa secondary metabolite gene PhzH in the  P. aeruginosa - R. 
denitrificans 2 hour co-culture: run 1 (top), run 2 (bottom). 
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Fig 45.  R.  denitrificans housekeeping gene metallo-beta-lactamase family protein in the 
P. aeruginosa-R. denitrificans 2 hour co-culture: run 1 (top), run 2 (bottom). 
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Fig 46.  R. denitrificans  secondary metabolite metallo-beta-lactamase family protein in 
the P. aeruginosa-R. denitrificans 2 hour co-culture: run 1 (top), run 2 (bottom). 
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Fig 47.  R. denitrificans secondary metabolite DMSP lyase in the P. aeruginosa-R. 
denitrificans 2 hour co-culture: run 1 (top), run 2 (bottom). 
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Fig 48.  R. denitrificans Housekeeping gene in the P. aeruginosa-R. denitrificans 2 hour 
co-culture - Melting Curve. 
 
 
 
Fig 49.  R. denitrificans secondary metabolite gene metallo-beta-lactamase family 
protein in the P. aeruginosa-R. denitrificans 2 hour co-culture - Melting Curve. 
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Fig 50.  R. denitrificans  secondary metabolite DMSP lyase in the P. aeruginosa-R. 
 denitrificans 2 hour co-culture - Melting Curve. 
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Fig 51.  P. aeruginosa housekeeping gene in the P. aeruginosa-S. arenicola 0 minute co-
culture: run 1 (top), run 2 (bottom). 
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Fig 52.  P. aeruginosa secondary metabolite gene RdhA in the P. aeruginosa-S. arenicola 
0 minute co-culture: run 1 (top), run 2 (bottom). 
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Fig 53.  P. aeruginosa secondary metabolite gene PhzH in the P. aeruginosa-S. arenicola 
0 minute co-culture: run 1 (top), run 2 (bottom). 
 
 
 
Fig 54.  P. aeruginosa housekeeping gene in the P. aeruginosa-S. arenicola 0 minute co-
culture - Melting Curve. 
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Fig 55.  P. aeruginosa secondary metabolite gene RdhA in the P. aeruginosa-S. arenicola 
0 minute co-culture - Melting Curve. 
 
 
 
Fig 56.  P. aeruginosa secondary metabolite gene PhzH in the P. aeruginosa-S. arenicola 
0 minute co-culture - Melting Curve. 
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Fig 57.  P. aeruginosa housekeeping gene in the P. aeruginosa-S. arenicola 30 minute 
co-culture: run 1 (top), run 2 (bottom). 
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Fig 58.  P. aeruginosa secondary metabolite gene RdhA in the P. aeruginosa-S. arenicola 
30 minute co-culture: run 1 (top), run 2 (bottom). 
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Fig 59.  P. aeruginosa secondary metabolite gene PhzH in the P. aeruginosa-S. arenicola 
30 minute co-culture: run 1 (top), run 2 (bottom). 
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Fig 60.  P. aeruginosa housekeeping gene in the P. aeruginosa-S. arenicola 30 minute 
co-culture - Melting Curve. 
 
 
 
Fig 61.  P. aeruginosa secondary metabolite gene RdhA in the P. aeruginosa-S. arenicola 
30 minute co-culture - Melting Curve. 
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Fig 62.  P. aeruginosa secondary metabolite gene PhzH in the P. aeruginosa-S. arenicola 
30 minute co-culture - Melting Curve. 
 
 
 
  140   
 
 
Fig 63.  P. aeruginosa housekeeping gene in the P. aeruginosa-S. arenicola 2 hour co-
culture: run 1 (top), run 2 (bottom). 
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Fig 64.  P. aeruginosa secondary metabolite gene RdhA in the P. aeruginosa-S. arenicola 
2 hour co-culture: run 1 (top), run 2 (bottom). 
 
 
 
  142   
 
 
Fig 65.  P. aeruginosa secondary metabolite gene PhzH in the P. aeruginosa-S. arenicola 
2 hour co-culture: run 1 (top), run 2 (bottom). 
 
 
 
Fig 66.  P. aeruginosa housekeeping gene in the P. aeruginosa-S. arenicola 2 hour co-
culture - Melting Curve. 
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Fig 67.  P. aeruginosa secondary metabolite gene RdhA in the P. aeruginosa-S. arenicola 
2 hour co-culture - Melting Curve. 
 
 
 
Fig 68.  P. aeruginosa secondary metabolite gene PhzH in the P. aeruginosa-S. arenicola 
2 minute co-culture - Melting Curve. 
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Fig 69.  R. denitrificans housekeeping gene in the R. denitrificans-S. arenicola 0 minute 
co-culture: run 1 (top), run 2 (bottom). 
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Fig 70.  R. denitrificans secondary metabolite gene metallo-beta-lactamase family 
protein in the R. denitrificans-S. arenicola 0 minute co-culture: run 1 (top), run 2 
(bottom). 
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Fig 71.  R. denitrificans secondary metabolite gene Dddl in the R. denitrificans-S. 
arenicola 0 minute co-culture: run 1 (top), run 2 (bottom). 
 
  147   
 
 
Fig 72.  R. denitrificans secondary metabolite gene in the R. denitrificans-S. arenicola 0 
hour co-culture - Melting Curve. 
 
 
 
 
Fig 73.  R. denitrificans secondary metabolite metallo-beta-lactamase family protein in 
the R. denitrificans-S. arenicola 0 hour co-culture - Melting Curve. 
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Fig 74.  R. denitrificans secondary metabolite DMSP lyase in the R. denitrificans-S. 
arenicola 0 hour co-culture - Melting Curve. 
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Fig 75.  R. denitrificans housekeeping gene in the R. denitrificans-S. arenicola 30 minute 
co-culture: run 1 (top), run 2 (bottom). 
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Fig 76.  R. denitrificans secondary metabolite gene metallo-beta-lactamase family 
protein in the R. denitrificans-S. arenicola 30 minute co-culture: run 1 (top), run 2 
(bottom). 
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Fig 77.  R. denitrificans secondary metabolite gene DMSP lyase in the R. denitrificans-S. 
arenicola 30 minute co-culture:  run 1 (top), run 2 (bottom). 
 
 
 
Fig 78.  R. denitrificans housekeeping gene in the R. denitrificans-S. arenicola 30 minute 
co-culture - Melting Curve. 
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Fig 79.  R. denitrificans secondary metabolite metallo-beta-lactamase family protein in 
the R. denitrificans-S. arenicola 30 minute co-culture - Melting Curve. 
 
 
 
Fig 80.  R.  denitrificans secondary metabolite DMSP lyase in the R. denitrificans-S. 
arenicola 30 minute co-culture - Melting Curve. 
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Fig 81.  R. denitrificans OCh114 housekeeping gene in the R. denitrificans-S. arenicola 2 
hour co-culture: run 1 (top), run 2 (bottom). 
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Fig 82.  R. denitrificans OCh114 secondary metabolite gene metallo-beta-lactamase 
family protein in the R. denitrificans-S. arenicola 2 hour co-culture: run 1 (top), run 2 
(bottom). 
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Fig 83.  R. denitrificans OCh114 secondary metabolite gene DMSP lyase in the R. 
 denitrificans-S. arenicola 2 hour co-culture: run 1 (top), run 2 (bottom). 
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Fig 84.  R. denitrificans housekeeping gene in the R. denitrificans-S. arenicola 2 hour co-
 culture - Melting Curve. 
 
 
 
Fig 85.  R. denitrificans secondary metabolite metallo-beta-lactamase family protein 
gene in the R. denitrificans-S. arenicola 2 hour co-culture - Melting Curve. 
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Fig 86.  R. denitrificans secondary metabolite DMSP lyase in the R. denitrificans-S. 
arenicola 2 hour co-culture - Melting Curve. 
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Fig 87.  P. aeruginosa housekeeping gene in the P. aeruginosa-R. denitrificans-S. 
arenicola 0 minute co-culture: run 1 (top), run 2 (bottom). 
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Fig 88.  P. aeruginosa secondary metabolite gene RdhA in the P. aeruginosa-R. 
denitrificans-S. arenicola 0 minute co-culture: run 1 (top), run 2 (bottom). 
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Fig 89.  P. aeruginosa secondary metabolite gene PhzH in the P. aeruginosa-R. 
denitrificans-S. arenicola 0 minute co-culture: run 1 (top), run 2 (bottom). 
 
 
 
Fig 90.  P. aeruginosa housekeeping gene in the P. aeruginosa-R. denitrificans-S. 
arenicola 0 hour co-culture - Melting Curve. 
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Fig 91.  P. aeruginosa secondary metabolite gene RdhA P. aeruginosa-R. denitrificans-S. 
arenicola 0 hour co-culture - Melting Curve. 
 
 
 
Fig 92.  P. aeruginosa secondary metabolite gene PhzH in the P. aeruginosa-R. 
denitrificans-S. arenicola 0 hour co-culture - Melting Curve. 
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Fig 93.  P. aeruginosa housekeeping gene in the P. aeruginosa-R. denitrificans-S. 
arenicola 30 minute co-culture: run 1 (top), run 2 (bottom). 
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Fig 94.  P. aeruginosa secondary metabolite gene RdhA in the P. aeruginosa-R. 
denitrificans-S. arenicola 30 minute co-culture: run 1 (top), run 2 (bottom). 
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Fig 95.  P. aeruginosa secondary metabolite gene PhzH in the P. aeruginosa-R. 
denitrificans-S. arenicola 30 minute co-culture: run 1 (top), run 2 (bottom). 
 
  165   
 
 
Fig 96.  P. aeruginosa housekeeping gene in the P. aeruginosa-R. denitrificans-S. 
arenicola 30 hour co-culture - Melting Curve. 
 
 
 
Fig 97.  P. aeruginosa secondary metabolite gene RdhA in the P. aeruginosa-R. 
denitrificans-S. arenicola 30 minute co-culture - Melting Curve. 
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Fig 98.  P. aeruginosa secondary metabolite gene PhzH in the P. aeruginosa-R. 
denitrificans-S. arenicola 30 hour co-culture - Melting Curve. 
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Fig 99.  P. aeruginosa housekeeping gene in the P. aeruginosa-R. denitrificans-S. 
arenicola 2 hour co-culture: run 1 (top), run 2 (bottom). 
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Fig 100.  P. aeruginosa secondary metabolite gene RdhA in the P. aeruginosa-R. 
denitrificans-S. arenicola 2 hour co-culture: run 1 (top), run 2 (bottom). 
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Fig 101.  P. aeruginosa secondary metabolite gene PhzH in the P. aeruginosa-R. 
denitrificans-S. arenicola 2 hour co-culture: run 1 (top), run 2 (bottom). 
 
 
 
Fig 102.  P. aeruginosa housekeeping gene in the P. aeruginosa-R. denitrificans-S. 
arenicola 2 hour co-culture - Melting Curve. 
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Fig 103.  P. aeruginosa secondary metabolite gene RdhA in the P. aeruginosa-R. 
denitrificans-S. arenicola 2 hour co-culture - Melting Curve. 
 
 
 
Fig 104.  P. aeruginosa secondary metabolite gene PhzH in the P. aeruginosa-R. 
denitrificans-S. arenicola 2 hour co-culture - Melting Curve. 
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Fig 105.  R. denitrificans housekeeping gene in the P. aeruginosa-R. denitrificans-S. 
arenicola 0 minute co-culture: run 1 (top), run 2 (bottom). 
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Fig 106.  R. denitrificans secondary metabolite gene metallo-beta-lactamase family 
protein in the P. aeruginosa-R. denitrificans-S. arenicola 0 minute co-culture: run 1 
(top), run 2 (bottom). 
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Fig 107.  R. denitrificans OCh114 secondary metabolite gene DMSP lyase in the P. 
aeruginosa-R. denitrificans-S. arenicola 0 minute co-culture: run 1 (top), run 2 (bottom). 
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Fig 108.  R. denitrificans housekeeping gene in the P. aeruginosa-R. denitrificans-S. 
arenicola 0 minute co-culture - Melting Curve. 
 
 
 
Fig 109.  R. denitrificans secondary metabolite gene metallo-beta-lactamase family 
protein in the P. aeruginosa-R. denitrificans-S. arenicola 0 minute co-culture - Melting 
Curve. 
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Fig 110.  R. denitrificans secondary metabolite gene DMSP lyase in the P. aeruginosa-R. 
denitrificans-S. arenicola 0 minute co-culture - Melting Curve. 
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Fig 111.  R. denitrificans housekeeping gene in the P. aerugionsa-R. denitrificans-S. 
arenicola 30 minute co-culture: run 1 (top), run 2 (bottom). 
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Fig 112.  R. denitrificans secondary metabolite gene metallo-beta-lactamase family 
protein in the P. aeruginosa-R. denitrificans-S. arenicola 30 minute co-culture: run 1 
(top), run 2 (bottom). 
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Fig 113.  R. denitrificans OCh114 secondary metabolite gene DMSP lyase in the P. 
aeruginosa-R. denitrificans-S. arenicola 30 minute co-culture: run 1 (top), run 2 
(bottom). 
 
 
 
Fig 114.  R.  denitrificans housekeeping gene in the P. aeruginosa-R. denitrificans-S. 
arenicola 30 minute co-culture - Melting Curve. 
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Fig 115.  R. denitrificans secondary metabolite gene metallo-beta-lactamase family 
protein in the P. aeruginosa-R. denitrificans-S. arenicola 30 minute co-culture - Melting 
Curve. 
 
 
 
Fig 116.  R. denitrificans OCh114 secondary metabolite gene DMSP lyase in the P. 
aeruginosa-R. denitrificans-S. arenicola 30 minute co-culture - Melting Curve. 
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Fig 117.  R. denitrificans housekeeping gene in the P. aeruginosa-R. denitrificans-S. 
arenicola 2 hour co-culture: run 1 (top), run 2 (bottom). 
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Fig 118.  R. denitrificans secondary metabolite gene metallo-beta-lactamase family 
protein in the P. aeruginosa-R. denitrificans-S. arenicola 2 hour co-culture: run 1 (top), 
run 2 .(bottom) 
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Fig 119.  R. denitrificans secondary metabolite gene DMSP lyase in the P. aeruginosa - 
R. denitrificans - S. arenicola 2 hour co-culture: run 1 (top), run 2 (bottom). 
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Fig 120.  R. denitrificans OCh114 housekeeping gene in the P. aeruginosa-R. 
denitrificans - S. arenicola 2 hour co-culture - Melting Curve. 
 
 
 
Fig 121.  R. denitrificans secondary metabolite gene metallo-beta-lactamase family 
protein in the P. aeruginosa- R. denitrificans- S. arenicola 2 hour co-culture - Melting 
Curve. 
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Fig. 122.  R. denitrificans secondary metabolite gene DMSP lyase in the P. aeruginosa-R.  
denitrificans - S. arenicola 2 hour co-culture - Melting Curve. 
  185   
  186   
 
